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At 27°C the only reaction between atomic hydrogen and azomethane is an addition to the 
nitrogen double bond to produce s-dimethylhydrazine by a mechanism with a maximum 
activation energy of 3-4 kcal. At 110°C there is in addition to this a rupture of the C—N 
bond in azomethane and the N—N bond in the hydrazine producing methane and methylamine, 
respectively. The energy of activation of each rupture appears to be about 8 kcal. At 195°C an 
additional reaction is evident involving association of methyl radicals with azomethane. 





HE decomposition of azomethane, by both 
pyrolysis and photolysis, has recently been 
shown! to involve an initial production of methyl 
radicals, their addition to azomethane and the 
subsequent decomposition of the tetramethy]l- 
hydrazine. In view of this it was considered inter- 
esting to determine the results of other methods 
of attack on the azomethane molecule. Emmett 
and Harkness,? for example, studied the catalytic 
decomposition using an iron synthetic ammonia 
catalyst. The course of the reaction is quite 
different from that occurring in homogeneous 
systems apparently involving the production of 
methylamine as an intermediate and yielding 
ammonia, hydrogen and carbon as the principal 
end products. The similarity of these results to 
those found by them for the catalyzed decomposi- 
tion of symmetrical dimethylhydrazine would 
suggest that the latter might be a possible inter- 
mediate, previous to methylamine, in azometh- 


* Abstract from a thesis presented in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy 
at New York University, 1939. 

1H. A. Taylor and F. P. Jahn, J. Chem. Phys. 7, 470 
(1939). References to earlier work are given here. 

2 P. H. Emmett and R. W. Harkness, J. Am. Chem. Soc. 
54, 538 (1932). 





ane decomposition. The reaction of atomic hydro- 
gen with azomethane was thus investigated. 

The possibility of this reaction has already 
been pointed out by Patat,* who investigated the 
photolysis of azomethane at 265°C in presence of 
parahydrogen. From the effect of temperature on 
the over-all reaction he concludes that hydrogen 
atoms produced by the reaction: 


CH;+H.—CH.+H 


may react with azomethane with an energy of 
activation of 5.1 kcal. as follows: 


H+CH;N = NCH;—CH,+N2+CHs3. 


No analyses were reported to show that methane 
and nitrogen were the sole products. 


EXPERIMENTAL 


Azomethane was prepared by Jahn’s method‘ 
from dimethylhydrazine dihydrochloride and 
purified by repeated fractionation from solid 
carbon dioxide to liquid nitrogen. The product 


3F, Patat, Nachr. Ges. Wiss. Géttingen, Math.-physik. 


Klasse, Fachgruppe II. (N.F.) 2, 77 (1936). 
4F. P. Jahn, J. Am. Chem. Soc. 59, 1761 (1937). 
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had a vapor pressure of 7.2 mm at —78°C and 
751 mm at 0°C. 

The hydrogen used was taken from a tank of 
electrolytic hydrogen. No attempt was made to 
remove the small amount of oxygen which may 
have been present since small quantities of 
oxygen have been found to aid the proper work- 
ing of a Wood’s discharge tube. The flow of 
hydrogen was regulated by a needle valve, several 
stopcocks and a capillary tube of small bore 
about 60 cm in length and was measured by a 
double McLeod gauge serving as a flowmeter. 

The Wood’s discharge tube was about 135 cm 
long and 1.3 cm in diameter. The hydrogen inlet 
was near one electrode, the outlet being in the 
center of the tube. The electrodes were hollow 
aluminum cylinders about 10 cm in length, 1 cm 
in diameter and 1 mm in thickness. They were 
spot-welded to tungsten leads. The walls of the 
tube were poisoned against recombination of 
hydrogen atoms by allowing the system to stand 
under vacuum in presence of 100 percent sul- 
phuric acid. 

The reaction vessel was a 500-cc bulb with 
two inlets, one for each reactant, and an outlet 
tube leading to the pumping system, consisting 
of a mercury diffusion pump backed by a Hyvac 
oil pump. The inlet tubes faced each other dia- 
metrically in the bulb to cause the incoming gas 
streams to mix in the center of the vessel. The 
tubes were tapered at the ends to reduce back 
diffusion of the gases. For the lower temperature 
experiments a water thermostat was used. At 
the higher temperatures an electrically heated 
furnace surrounded the reaction vessel. 

From the discharge tube the hydrogen passed 
directly to the reaction system where it mixed 
with the azomethane stream coming from a 
storage reservoir kept in solid carbon dioxide; 











TABLE I. 

RuN 1 2 3 4 5 6 7 
T°C 27.0 | 27.0 | 27.0 | 26.8 | 27.0 | 27.0 | 27.2 
I amp. 0.0 7.0 6.8 0.0 7.8 7.4 7.4 
Vazcc 73.6 | 99.0 70.0 | 85.6 | 112.0 | 119.0 | 60.4 


Paz,mm | 0.42| 0.63| 0.40] 0.58] 0.73| 0.75| 0.33 
Vy,cce | 160.2 | 192.4 | 170.0 | 186.6 | 204.2 
Py,mm | 0.68} 0.76] 0.65! 0.70} 0.76] 0.75] 0.72 














Py mm 0.00| 0.14] 0.13} 0.00] 0.19] 0.17] 0.15 
Vi/Vaz}| 2-18] 1.95] 2.57] 2.48] 182] 1.75] 3.18 
Vice 73.2 1.8 1.5 | 86.1 18 | — 1.2 
Vece 03 | 06 | 05 | 04] 07 | 0.7 | 06 

















the rate of flow of the azomethane was measured 
by a capillary flowmeter similar to that used for 
the hydrogen. The exit gases from the reaction 
system were drawn first through a trap in liquid 
nitrogen and then over silica gel also in liquid 
nitrogen; the latter serves to separate nitrogen 
as well as hydrogen from the hydrocarbons. The 
condensation traps were connected to a Toepler 
pump of one liter capacity from which the reac- 
tion products could be sent to a Fisher gas 
analyzer. 

The atomic hydrogen gauge, based on that 
suggested by Poole,® consisted of a silver tube 
7 mm in diameter and 0.75 mm thick cemented 
coaxially in a glass tube 40 cm long and 2.5 cm 
wide, the ends being tapered to 7 mm. The 
hydrogen stream enters in the middle of the glass 
tube and is pumped out at one end; the other 
end carried a McLeod gauge. The atomic hydro- 
gen recombines on the outside of the silver tube 
and the heat of reaction is thus communicated 
through the silver to a stream of water flowing 
through it at a fixed rate. The increase in tem- 
perature of the water was measured by two 
thermometers, which could be read to 0.002°, 
located in the silver tube and therefore in the 
water stream. Twisted strands of copper wire 
placed in the silver tube caused thorough mixing 
of the water. The heat loss due to the hydrogen 
stream its’ was determined by passing water 
which was several degrees below room tempera- 
ture through the calorimeter and observing the 
temperature change for various pressures of 
hydrogen. Throughout the entire work the rate 
of flow of the water stream was maintained at 
100 cc per 15 min. The heat loss correction was 
found to lie between six and eight percent. 

Initially the Wood’s tube was operated for 
twenty-four hours at a high current (9-10 amp.) 
to burn out any active spots. Before each run, 
the evacuated tube having stood over night in 
contact with sulphuric acid, was operated for 
thirty minutes to attain a steady state. Normal 
operating conditions corresponded to 350-400 
milliamp. at about 3000 volts. Azomethane was 
then run in and the reaction allowed to proceed 
for forty-five minutes. Just before the azometh- 
ane was admitted and immediately after it was 


5H. G. Poole, Proc. Roy. Soc. A163, 404 (1937). 
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REACTION OF ATOMIC HYDROGEN AND AZOMETHANE 


shut off, readings were taken on the atomic hy- 
drogen gauge to determine the hydrogen atom 
concentration. The gauge was situated at ex- 
actly the same distance from the outlet of the 
Wood’s tube as was the reaction vessel and was 
connected to it by tubing of the same bore and 
having the same number of bends. No change 
was observed either in the pressure or in the rate 
of flow when the hydrogen stream was diverted 
from one path to the other. It is logical to assume 
therefore that the calorimeter actually measures 
the hydrogen atom concentration entering the 
reaction vessel. The only effect of the azomethane 
stream on the hydrogen flow was a momentary 
one; the flow quickly readjusted itself to the 
previous value as did also the arc current. 


RESULTS AND DISCUSSION 


The experimental results and their interpreta- 
tion can best be studied by examining the data 
at each temperature separately and then con- 
trasting the observations. Data were obtained 
at 27°C, 110°C and 195°C. 


Experiments at 27°C 


Table I presents the data obtained for seven 
runs at 27°C. Each run covered a period of forty- 
five minutes. 

In the table J represents the primary current 
in the transformer; the arc current is one- 
twentieth of this value. Va, is the total volume 
of azomethane at a pressure Pa, mm which 
entered the reaction system during the run. 
Similarly Vue is the total volume of hydrogen 
(molecular plus atomic) flowing at a combined 
pressure PH»: Py is the atomic hydrogen pressure 
entering the reaction vessel as calculated from 
the gauge readings. V; represents the volume of 
product which could be drawn from the first 
condensing trap at —78°C using a Toepler pump. 
V, is the volume of product condensed in the 
silica gel trap at liquid nitrogen temperature. All 
volumes were measured under laboratory condi- 
tions, approximately 25°C and one atmosphere 
pressure. 

The first run was made with molecular hydro- 
gen alone to test for its possible reaction with 
azomethane and also to check on the adsorb- 
ability for hydrogen of the silica gel. It will be 
seen that the latter is less than 0.2 percent. The 














TABLE II. 
PICRATE OXALATE 
M.-P. % Ne M.-P. % Ne 
Observed 144 23.98 130 18.54 
24.04 18.66 
Theoretical 147 24.14 132 18.67 

















volume of product in the first trap agrees almost 
exactly with the original azomethane and it was 
found to be completely soluble in dilute sulphuric 
acid. Since experiments 2 and 3 gave evidence of 
the formation of dimethylhydrazine, run 1 was 
duplicated in 4 and the sulphuric acid solution of 
the products was tested for secondary hydrazines 
by addition of cupric chloride. No characteristic 
red precipitate was found. 

In all the other experiments the arc was oper- 
ated yielding approximately 0.15 mm atomic 
hydrogen. The most striking result is the almost 
complete absence of gaseous product. Only a 
very small amount of the product collected in the 
first trap at the temperature of liquid nitrogen 
was volatile at —78°C. This product was a 
colorless liquid, definitely basic since it reacted 
vigorously and exothermally with hydrochloric 
acid. It was a good reducing agent precipitating 
silver from Tollen’s reagent but giving a positive 
test with Fehling’s solution only upon heating. 
A test with buffered cupric chloride solution gave 
the characteristic azo-cuprous chloride complex 
indicating the compound to be secondary hydra- 
zine, probably symmetrical dimethylhydrazine. 

The small amount, Vz, volatile at —78°C is 
probably some unchanged azomethane or due to 
a small vapor pressure of the hydrazine. That it 
is not methylamine was shown in experiment 6 
where the whole sample from the first trap was 
removed and tested for primary amine by the 
Rimini test with negative results. 

The volumes, V;, collected from the silica gel 
trap show the absence of ethane or methane. The 
volumes of the last three runs amounting to 2 
cc were accumulated and passed over hot copper 
oxide. 0.4 cc remained unreacted showing that 
the majority of the gas was hydrogen and that 
only minute traces of hydrocarbon could possibly 
be present. 








The sole product appears therefore to be di- 
methylhydrazine. The identity was definitely 
confirmed by a microanalysis of the picrate of 
the compound produced in run 6 and of the 
oxalate of the product from run 7. The com- 
pounds were recrystallized from alcohol. Melting 
points were taken and the percentage nitrogen 
was determined by micro-Dumas analysis. Table 
II gives the results found as compared with the 
values quoted in Beilstein. The absence of hydro- 
carbons among the products definitely indicates 
that no rupture of the azomethane molecule has 
occurred. It is known that the C—N bond is 
weaker than the C—C bond in ethane yet rupture 
of the latter is possible by atomic hydrogen at 
room temperature.*® It can only be concluded that 
the addition reaction of hydrogen to azomethane 
requires a smaller energy of activation. This is 
strengthened by the observation that practically 
all the azomethane has reacted. Even if the small 
amount of product volatile at —78°C is all 
azomethane, the total reaction would correspond 
at least to 97-98 percent of the azomethane. 

Since the ratio of atomic hydrogen to azo- 
methane was in every case much less than unity 
and since two hydrogen atoms are required to 
saturate the azomethane molecule it is evident 
that some of the hydrogenation must have in- 
volved molecular hydrogen, for example: 


CH;N =NCH;+H—CH;NH — NCHsz, (1) 


CH;sNH—NCH3;+H: 
—CH;sNH—NHCH;+H. (2) 


Although there are no data available’ for the 











TABLE III. 

Ron 9 10 | 1m | 12 | 3 | 4 | 15 | 16 
TC 110 |110 |108 |109 |110 |110 | 110 | 109 
I amp. 64] 72] 72| 74| 70] 76] 70) 72 
Vapce 84.2 | 66.0 | 92.0 | 81.6 | 733 | 69.6 | 912 | 74.1 
P,, mm 0.53| 0.32} 0.64 051| 0.42| 034] 0.64| 0.50 
Vy, ce 198.2 | 164.0 | 191.3 | 212.0 | 198.4 | 213.0 | 218.0 | 2224 
Py, mm 0.76| 0.73| 0.78| 0.80} 0.76] 0.77; O.81| 0.84 
Py mm 0.19} 0.19} 021; 0.22} 0.19] 020) 0.23} 0.22 
Vue/V az 2.35| 2.79] 2.09| 260} 2.74/ 320) 2.39] 3.00 
Vice 19.0 | 144 | 167 | 17.0 | 158 | 160 | 19.0 | 169 
VcH, ¢ 20.8 | 20.0 | 18.2 | 22.7 | 21.7 | 223 | 25.6 | 23.0 
VouH, & 23 | 16] 24| 20] 20| 16] 27] 20 
































6 en, Morikawa and Taylor, J. Chem. Phys. 5, 203 
(1937). 

7 Imanishi, Sci. Papers, Inst. Phys. Chem. (Tokyo) 15, 
166 (1931) says the continuum in hydrazine begins at 
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Fic. 1. Reaction products at 110°C. 


N-—H bond strength in the hydrazines, reaction 
(2) as a rapid reaction at room temperature does 
not seem probable when it is realized that the 
similar reaction between methyl radicals and 
molecular hydrogen only proceeds at higher tem- 
peratures. A possible mechanism presents itself, 
however, in this particular case, reminiscent of 
a recently suggested scheme for the Walden in- 
version.* The presence of the hydrogen atom in 
the radical produced in reaction (1) may have so 
modified the N—N bond that a hydrogen mole- 
cule could add on, simultaneously with the ejec- 
tion of the hydrogen atom. Such a scheme would 
require a considerably smaller energy of activa- 
tion than that involved in the rupture of a 
hydrogen molecule and production of an N—H 
bond. 

The rapidity of this hydrogenation reaction at 
room temperature indicates that the energy of 
activation cannot be much greater than about 
3-4 kcal. It is reasonable to assume that step (1) 
requires no activation and that the 3-4 kcal. is 
to be associated with step (2). This may be 
contrasted with the addition of methyl radicals 
to azomethane as postulated by Burton, Davis 
and Taylor.* Methyl addition was first observ- 
able at a temperature around 150°. This is in 
qualitative agreement with the relative strengths 
of the N—H and N—C bonds formed. 

Finally, that the sole product found here is 
dimethylhydrazine may be contrasted with the 
work of Dixon!’ on the reaction of atomic hydro- 
gen with hydrazine. He found up to 80 percent 


2200A. This would give 128 kcal. as a maximum N—H 
bond strength. 
8 F. O. Rice and E. Teller, J. Chem. Phys. 6, 489 (1938). 
( ® Burton, Davis and Taylor, J. Am. Chem. Soc. 59, 1989 
1937). 
10 J, K. Dixon, J. Am. Chem. Soc. 54, 4262 (1932). 
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of the hydrazine decomposed to give ammonia 
at room temperature ; methylamine, which would 
be the corresponding product here, was not 
found. It is true that the conditions during 
Dixon’s experiments were quite different from 
those in this work, inasmuch as he had a higher 
proportion of hydrogen atoms and was using 
moist hydrogen. Furthermore Steiner" has shown 
that atomic hydrogen up to ten percent has no 
effect on the hydrazine yield from N and Hag, 
meaning that hydrogen atoms do not attack 
hydrazine except at high concentrations. It seems 
certain therefore that the absence of reaction in 
the present study is a pure concentration effect. 


Experiments at 110°C 


Table III summarizes the results obtained. 

The symbols in Table III have already been 
explained save the last two, VcHy, and, VceHe, 
which denote the volumes of methane and ethane 
isolated from the silica gel trap, and analyzed by 
the usual combustion method. In calculating 
these, an allowance was made for 0.4 cc hydrogen 
which the previous results had shown was ad- 
sorbed during a run. Tests for unsaturated hydro- 
carbons gave negative results. 

The first feature of difference in the above 
from the results at 27°C is the presence of the 
methane and ethane in the approximate ratio of 
ten to one. The second, is in the content of the 
first trap. At 27°C the product was almost en- 
tirely dimethylhydrazine which was involatile at 
—78°C. In the present case a considerable 
amount of the product was volatile at —78°C. 
Combustion of this gas gave carbon dioxide and 
nitrogen and from these and the oxygen con- 
sumed, a formula CH;N was deduced. Actually 
the carbon was 2-3 percent too low and the 
hydrogen a trifle high. The gas was readily 
soluble in dilute acid and gave a test for primary 
amines. It is probably, therefore, methylamine. 
The residual liquid in the first trap, analyzed in 
the manner previously indicated proved to be 
solely dimethylhydrazine. 

Figure 1 shows the results obtained in all the 
runs, plotted as cc product per cc azomethane 
against VH2/Va,. The methane and methylamine 
yields are seen to increase with increase in the 


reactant ratio. The ethane is roughly constant 


1 W. Steiner, Zeits. f. Electrochem. 36, 807 (1930). 
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but appears to decrease slightly with increase in 
the ratio. 

The most reasonable mechanism which can 
explain these results is the following: 


H+CH;N =NCH;-CH.i+CH3N=N, (3) 


CH;N = N-CH;+Nag, (4) 
CH;+CH;—-C2H,g, (5) 
2CH3;+H2—2CH,, (6) 


in addition to reactions (1) and (2) postulated 
previously. Reaction (5) probably occurs as a 
three-body process or heterogeneously and reac- 
tion (6) possibly as two successive bimolecular 
steps.” 

If the above mechanism is accepted then the 
amount of azomethane decomposing in this 
manner is given by. the sum of the ethane and 
one-half of the methane. Using the relation 
v=sZe—='®T where, v, is the reaction rate, s, is 
the steric factor and, Z, is the collision frequency 
it is possible to calculate, E, the energy of activa- 
tion of reaction (3). Taking the data of experi- 
ment 15 as typical, the concentration of H 
atoms is 5.65X10-® mole/cc; of azomethane is 
2.38X10-§ mole/cc and the reaction rate is 
2.74X10- cc/mole/sec. Assuming a collision 
diameter for H of 2.14A and for azomethane, 
4.54A," with a steric factor of 0.1 as has been 
used in other reactions involving atomic hydro- 
gen, a value of 8 kcal. is obtained for E. Patat*® 
has reported a value of 5.1 kcal. for this reaction 
based on the para-orthohydrogen conversion. 
Since Patat did not consider the possibility of a 


























TABLE IV. 
Run 8 17 18 19 20 21 22 23 

rc 193 |195 |195 [194 [195 |195 |195 | 193 

I amp. 71 efi ti 781 31 1 445 38 
Vaz ce 80.2 | 67.0 | 76.3 | 73.0 | 87.0 | 71.3 | 84.0 | 92.0 
Pa, mm 0.51} 0.34] 049] 043] 0.61) 0.39| 0.55] 0.67 
Vx, ce 189.0 | 183.6 | 197.0 | 191.2 | 210.4 | 206.0 | 191.7 | 221.7 
Py, mm 0.75| 0.72| 0.78] 0.75] 0.80] 0.78] 0.74] 0.81 
Py mm 0.19} 0.00} 0.20) 0.19] 0.22] 0.21] 0.19] 0.22 
Vu./Vas 2.36| 2.74] 258] 2.62] 242] 2.63] 228] 2.41 
Vi ce 35.6 | 67.6 | 33.1 | 31.8 | 37.6 | 29.0 | 36.0 | 38.6 
Von, c¢ 25.7 | 0.0 | 24.0 | 23.2 | 280 | 23.8 | 27.2 | 29.2 
VosH, & 05 | 00] 03 | 03 |] 03] 04] 06] O4 























2H. A. Taylor and M. Burton, J. Chem. Phys. 7, 679 


(1939). 


18H. Henkin and H. A. Taylor, J. Chem. Phys. 7, 829 


(1939). 








hydrogenation reaction proceeding simultane- 
ously and gave no gas analyses to substantiate 
his proposed mechanism it is quite likely that his 
value of 5.1 is an average of the 3-4 kcal. for the 
hydrogenation and the 8 kcal. for the rupture. 

The source of the methylamine seems most 
likely to be the dimethylhydrazine. In the corre- 
sponding case of hydrazine Wiig and Kistia- 
kowsky, and Wiig" have postulated the following 
reactions to account for ammonia photolysis, 
especially at higher temperatures: 


N2H4,+H—NH;+NH,2 
NH.+H—-NHs3. 


The absence here of dimethylamine makes other 
possibilities unlikely and thus the probable 
reactions are: 


CH;NH —NHCH;+H 
—CH 3NH.+CH;3NH, (7) 


CH;NH+H-—-CH;NH:2. (8) 


The relative weakness of the N—N bond as com- 
pared with the N—C and N —H bonds makes the 
scheme likely. The presence of traces of ammonia 
(not more than 2-3 percent) in the methylamine 
may result as a side reaction from the radicals 
in (7). If however it is formed as the result of a 
rupture of aC —N bond in the dimethylhydrazine 
the value of E for reaction (3) previously calcu- 
lated would be a minimum value. 

According to the above scheme one molecule 
_ of the hydrazine gives two of methylamine. If it 
is assumed, in the absence of more definite infor- 
mation, that the hydrazine concentration is 0.85 
of the original azomethane concentration an esti- 
mate of the energy of activation of reaction (7) 
can be made. Taking the same value for the di- 
ameter of the hydrazine as for azomethane a 
value of 8 kcal. is again found. In view of the 
arbitrary assumptions made the reliability of this 
figure is by no means as great as that for reaction 
(3). That each gives the same value, however, 
may be significant. 


Experiments at 195°C 
The experimental results at this temperature 
are given in Table IV. 


4E. O. Wiig and G. B. Kistiakowsky, J. Am. Chem. 
Soc. 54, 1806 (1932); E. O. Wiig, bid. 59, 827 (1937). 
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The most striking difference between the re- 
sults in Tables III and IV is in the value, Vz, 
which has almost doubled. Analysis showed that 
the gas was still practically pure methylamine. 
At the same time the ethane has decreased almost 
to the limit of the analytical experimental error, 
while the methane is only some 15-20 percent 
greater. Analysis of the fraction which is not 
volatile at —78°C showed also a change; neither 
the melting point of the derivative nor the nitro- 
gen determination agreed with the theoretical 
for dimethylhydrazine. The oxalate derivative 
melted over a range of five degrees around 120°C; 
that of the hydrazine oxalate is 132°C. Three 
micro-Dumas determinations of the nitrogen con- 
tent were all low as may be seen from the 
following : 


Dimethylhydrazine 18.67 percent Ne 

Micro-Dumas (1) 18.03 ‘“ 1 
sé “é (2) 17.87 sé ae 
“ec “ec (3) 18.07 sc sé 


The difference cannot be attributed to experi- 
mental error (at most 0.2 percent) and must 
therefore be due to the presence of a compound 
other than dimethylhydrazine possessing a lower 
percentage nitrogen. 

In order to test whether molecular hydrogen 
was reacting with azomethane at this tempera- 
ture experiment 17 was performed. No hydro- 
carbons were formed and the volume of “pro- 
duct”” as a gas was the same as the original 
azomethane. No reaction was occurring. 

From the increase in temperature it was to be 
expected that the yield of products should in- 
crease. This is true for the methylamine sug- 
gesting that its source is similar to that already 
described at 110°C. The absence of larger 
amounts of ammonia would preclude the possi- 
bility of reaction between atomic hydrogen and 
methylamine under the experimental conditions. 

The increase in yield of methylamine is not, 
however, paralleled by the ethane and methane. 
The former is actually reduced, the latter only 
slightly increased. Since the source of these 
hydrocarbons is presumably methyl radicals and 
since with an increased production of methyl- 
amine there should also be an increased produc- 
tion of methyls, the conclusion is inescapable 
that some other reaction which removes methyl] 
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radicals has set in. Evidence has already been 
presented that methyl radicals may add on to 
azomethane® with the ultimate production of 
tetramethylhydrazine or in presence of hydrogen 
atoms, trimethylhydrazine: 


CH;N = NCH;+CH;—(CHs)2N — NCHs, 
(CH3)2N — NCH3+CH3—(CHs)2N — N(CHs)2 


or (CH3)2N — NCH3;+H->(CH3)2NNHCHs3. 


The presence of such compounds in the dimethyIl- 
hydrazine residue would give the observed result 
of a lowered nitrogen content. 

Calculations based on the nitrogen percentages 
of various hydrazines and on the Dumas deter- 
minations show that if the mixture contained 
only di- and trimethylhydrazine, the amount of 
the trimethylhydrazine would have to be about 
3 of the total liquid fraction corresponding 
roughly to 20-25 cc of gas, that is, approximately 
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equal to the methane yield. If it were all di- and 
tetramethylhydrazine then only } of the liquid 
need be the tetra compound to give the observed 
nitrogen percentage. This would correspond to 
about 10 cc of gas, that is about } — 3 the methane 
yield. If, since the methylamine yield is doubled 
in the temperature range 110-195°, it is assumed 
that the methane would also have doubled had 
there been no other methyl removing reaction, 
it would seem that the bulk of the association re- 
action must have resulted in trimethylhydrazine. 

In conclusion it may be observed that with 
increasing temperature the stability of methane 
in presence of hydrogen atoms is reduced by the 
reaction 


CH,+H—-CH;+Ha2. 


This would increase the methyl concentration 
and thus favor the association reaction with 
azomethane. 
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High Velocity Atomic Beams* 


I, AMDUR AND H. PEARLMAN 
Research Laboratory of Physical Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 


(Received September 27, 1939) 


A general method has been developed for the production and intensity measurement of 
high velocity atomic beams. The method has been applied to beams of hydrogen atoms with 
energies equivalent to 200-800-volt electrons. Measurement of the collision cross section 
of these atoms when scattered by molecular hydrogen confirms the prediction that such 
scattering is predominantly due to repulsive forces between the beam and scattering particles. 


HE scattering of molecular or atomic beams 

by gases provides an experimental method 

for evaluation of the interaction potential be- 
tween the beam particles and the scattering 
particles. When the beam particles have ordinary 
thermal velocities, analysis of the angular scatter- 
ing distribution can be used to estimate the 
attractive part of the potential; when the beam 
particles have extremely high velocities, repulsive 
forces cause most of the scattering. For example, 


* Contribution from the Research Laboratory of Physi- 
cal Chemistry, Massachusetts Institute of Technology, 
No. 429. Presented before the Division of Physical and 
Inorganic Chemistry of the American Chemical Society at 
the Baltimore meeting, April 5, 1939. 


the effect of the attractive part of the potential 
is undetectable in the scattering, beyond about 
one degree, of 200 equivalent volt helium atoms 
scattered by helium at ordinary temperatures. 
As the first step in a program for evaluating 
the repulsive part of the interaction potential, 
the authors have sought to develop the necessary 
experimental methods for the production and 
quantitative intensity measurement of particle 
beams having high, controllable velocities. The 
present experiments are concerned with the 
production and characteristics of beams of hydro- 
gen atoms having energies equivalent to 200—800- 
volt electrons and with the measurement of the 
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Fic. 1. Diagram of apparatus. 


axis intensities of such beams both in vacuum and 
after scattering in molecular hydrogen. A com- 
bination of these intensity measurements directly 
yields values for the total collision cross section 
of fast hydrogen atoms in molecular hydrogen at 
ordinary temperatures. 

In 1934 Lamar and Luhr' published details of 
a proton source which could produce, after 
proper seasoning, beams of ions containing over 
98 percent protons. This proton source was the 
basis of the present apparatus in which beams of 
fast atoms were produced by proper neutraliza- 
tion of accelerated atomic ions. 

The operation of the fast atom source, using 
atomic hydrogen beam production as an example, 
is conveniently explained with the aid of the 
accompanying diagram (Fig. 1). 

Molecular hydrogen is admitted to the upper 
metal section A at a pressure of 0.3-0.4 mm of 
Hg. A low voltage arc (50 to 75 volts, 1.0 to 1.5 
amperes) is struck between the filament B and 
the anode C. Positive ions are drawn to the 
cathode D (provided with radiation disks for 
cooling) which is kept at 160 volts negative and 
collects currents of 0.25-0.35 ampere. Some of 
these positive ions are pulled through the hemi- 
spherical grid E by the atom gun F which is at 
a negative potential of 200-800 volts. Depending 


1 Lamar and Luhr, Phys. Rev. 46, 87 (1934). 
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upon the filament position and the atom gun 
voltage, these positive ions, which tend to focus 
due to the curvature of the grid, produce currents 
of 1-50 milliamperes on the atom gun surface. 
A small fraction of the ions pulled through the 
gauze grid pass through the channel (0.5 mm in 
diameter and 2 mm long) of the atom gun and, 
during their passage through this channel, some 
of the ions are neutralized without appreciable 
loss of kinetic energy. It is these atoms which 
form the high velocity beam which issues into 
the glass section K where the pressure can be 
kept at 5X10-> mm of Hg by means of a very 
fast diffusion pump.? The internal diameter of 
this glass section, 3 inches, is sufficiently large 
that there is insignificant pressure gradient in 
this region even with scattering pressures as high 
as 0.1 mm. The absence of gradient insures 
uniform pressure along the path of the beam. 
Ions which remain charged after passage through 
the atom gun channel are swept out of the beam 
by a potential of 1500 volts across the condenser 
plates H. The intensity of the beam is measured 
by a specially constructed thermopile I * which is 
aligned in the axis of the beam by three bellows 
J. Thermopile e.m.f.’s are measured with a 
potentiometric galvanometer arrangement.‘ G is 
a radiation shield to protect the thermopile 
from radiation from the hot atom gun. 


RESULTS 


Characteristics of the source 


Experiments were performed with the atom 
source, using hydrogen, to check its reproduci- 
bility of operation, to identify the beam particles 
and to determine the effect of arc characteristics 
upon beam intensity. 

It was found that upon insertion of a new 
filament it was necessary to run the arc for about 
10 hours to season properly the metal surfaces. 
After this period the arc became red, showing 
the presence of atomic hydrogen and the charac- 
teristics attained their steady-state values in 
agreement with the findings of Lamar and Luhr. 
After this initial seasoning, a shorter seasoning 
period of 1 to 2 hours is required each time the 


2 Amdur, Rev. Sci. Inst. 7, 395 (1936). 
3 Amdur and Pearlman, Rev. Sci. Inst. 10, 174 (1939). 
4 Amdur and Pearlman, Rev. Sci. Inst. 9, 194 (1938). 
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arc is started. Once the arc has been seasoned 
the characteristics are reproducible and steady. 

Using ordinary Wood’s tube atomic hydrogen, 
various oxides including CuO, WO;, MoO; and 
all oxides of lead were tested to find the best 
chemical indicator for atomic hydrogen. It was 
decided to use MoO. This oxide, smoked onto 
microscope cover slips, was used to examine the 
fast beam. After the arc had been seasoned and 
the characteristics had reached their steady- 
state values, a blue circular spot, 1 mm in 
diameter, resulting from reduction of the oxide 
by atomic hydrogen, appeared on the indicator 
in less than 30 seconds after application of the 
atom gun voltage. It was not possible to obtain 
this coloration when the atom gun voltage was 
not applied. The size of the spot showed that 
the beam was well defined, being no greater 
than 1 mm in diameter at the point where the 
thermopile detector was placed (8.57 cm from 
the center of the atom gun channel). If the 
pressure in the arc was lowered to less than 
0.2 mm of Hg and the atom gun voltage applied, 
the blue coloration on the indicator was con- 
siderably less intense for the same time of 
exposure to the beam. This agrees with the 
findings of Lamar and Luhr that, at the proper 
arc characteristics, high arc pressures favored 
the formation of pure proton beams (in the 
present case, pure atom beams) whereas low pres- 
sures introduced large percentages of molecular 
ions (in the present case, molecular beam par- 
ticles). The chemical tests showed that the same 
arc conditions which were necessary for pro- 
ducing pure proton beams were required for 
producing atomic beams. 

A quantitative study of the.arc characteristics 
further confirmed the expectation that the pro- 
duction of fast hydrogen atoms would be in 
strict analog to the production of accelerated 
protons in the same type of apparatus. Lamar 
and Luhr, for example, found that, at a given 
voltage, the number of protons issuing from the 
ion gun channel was a constant fraction of the 
number of ions striking the ion gun surface. 
In the present case, a proportionality between 
atom gun current and the number of neutrals 
issuing from the atom gun channel at constant 
voltage, should result in proportionality between 
the e.m.f. recorded by the thermopile and the 


atom gun current, the voltage being constant. 
This follows from the fact that the thermopile 
measures the energy of the neutral beam, that is, 
the product of the number of beam particles and 
the average energy of each particle. This average 
energy is, of course, constant at a given atom 
gun voltage. The expected result implies a 
relation between thermopile e.m.f. and atom gun 
current of the form 


thermopile e.m.f. 





=f(atom gun voltage). 
atom gun current 


Figure 2A shows how well the above prediction 
is verified. The equation of the curve is of the 
form 


thermopile e.m.f. 





=a+bXatom gun voltage. 
atom gun current 
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Fic. 2. Arc characteristics. 


For constant atom gun voltage, therefore, we 
have the anticipated relation 


thermopile e.m.f.=cXatom gun current. 


When the atom gun current is permitted to vary 
with the voltage, the thermopile e.m.f. is quad- 
ratic in the voltage as shown in Fig. 2B. This 
implies a linear variation of atom gun current 
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Fic. 3. Applicability of equation for collision cross sec- 
tion: 7.608 X 10-"* logio Ip,/Ip, versus(P:/T,—P2/T2). Here 
J; is the beam intensity for a scattering gas pressure of P; 
mm at 7,°K, and J» is a similar quantity. The experi- 
mentee points (499-volt atoms) should lie on the straight 
ine: 


7.608 X 10-8 logio (Ip,/Ip,) 
=(collision cross section)(P:/7T,:—P2/T>2). 


The dashed line in the plot is this line, the collision cross 
section being found by the method of least squares to be 
3.10 10-"" cm?. 


with atom gun voltage as verified by the experi- 
mental points shown in Fig. 2C. 

The magnitude of the e.m.f.’s developed by the 
thermopile show clearly that the beam particles 
have extremely high velocities, since the effective 
temperature of the particles of a thermal beam 
would have to be about 150,000°K to reproduce 
the observed e.m.f.’s at 500 volts. The estimate 
assumes that the intensity of such a thermal 
beam is that given by the formulas applicable 
to a theoretically perfect thermal beam system. 
Since the present apparatus does not fall into 
this class, the effective temperature for the 
present case should be probably many times 
greater than that given above. In short, the 
experimental evidence is in complete accord with 
the assumption that the beam particles are 
hydrogen atoms having velocities corresponding 
to the voltages applied to the atom gun. These 
results also agree with the findings of Oliphant® 
who reported little loss of kinetic energy in 
neutralizing accelerated helium ions. 


Measurement of collision cross sections 


Since it had been shown that the apparatus 
produced beams of fast hydrogen atoms and that 
the operation was reproducible and steady, 
measurements were made of the absorption, 
which is due to scattering, of fast hydrogen 


5 Oliphant, Proc. Roy. Soc. Al24, 228 (1929). 
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atoms in molecular hydrogen at ordinary tem- 
peratures. The beam atoms had velocities corre- 
sponding to 200-800 volts and were scattered in 
hydrogen at 10~* to 10-' mm of Hg. 

At a given voltage, several independent 
measurements of the beam intensity were usually 
made at each of three scattering pressures, the 
first and third being as near alike as possible. 
Two thermopile readings were needed for a 
single intensity determination. The first or blank 
reading was taken without voltage applied to 
the atom gun and recorded energy effects due to 
arc radiation or thermal beam particles. The 
potentiometric method of measuring thermopile 
e.m.f.’s permitted the balancing out of these 
minor energy effects prior to the second reading 
which gave directly, therefore, the e.m.f. due to 
the high velocity beam. It was found that 
conditions were sufficiently steady to make un- 
necessary the final check set of measurements so 
that these were often omitted, especially in the 
later experiments. In most cases, an entire run 
for a given voltage was repeated over a different 
pressure range. For example, at 500 volts, four 
check runs were made during a period of more 
than three weeks. Two observers were used 
throughout so that experimental conditions, such 
as arc pressure, arc currents and arc potentials, 
could be kept constant. 

At any pressure, the beam intensity was ob- 
tained by multiplying the observed thermopile 
e.m.f. by the previously determined sensitivity 
of the thermopile at that pressure. Pressures 
were read on a McLeod gage having a large bore 
capillary, care being taken to prevent sticking 
of the mercury. Gas temperatures were measured 
with a copper-constantan thermocouple placed 
in the scattering gas, near the thermopile. 

From the means of the three groups of data at 
a given voltage, two values of L,, the mean free 
path at 1 mm of Hg and 0°C, were computed. 
The relation used was 

Ip; 
—— = ¢~ (2782/ Lv) (P1/Ti—P2/T2) | 


IP, 


where Jp; and JP? are the intensities at pressures 
P, and P2; T; and T»2, the absolute temperature 
of the scattering gas at these pressures; and x, 
the distance through which scattering occurred— 
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that is, the distance from atom gun to thermopile 
(8.57 cm). When three groups of data were 
available, the second value of the mean free 
path was obtained by replacing Ip;, P; and T; 
by Ips, P3 and T3. The validity of the equation 
is subject to the condition that a beam particle 
should be lost to the detector after its first 
collision. In cases where intensities were meas- 
ured at a sufficient number of different pressures 
in the course of the check runs, a plot of 
logio [p2/Ip; against (P;/7,—P2/T>2) gave, within 
the experimental error, a straight line passing 
through the origin (see Fig. 3). The present 
experimental conditions, therefore, justified the 
use of the equation for the evaluation of Ly. 

The total collision cross section, S,, is com- 
puted from the mean free path by using the 
relation 


nL» 


where is the number of molecules of scattering 
gas per cc at 1 mm of Hg and 0°C. This equation 
is applicable to the special case of a beam of 
molecules, homogeneous in velocity, absorbed by 
a gas whose molecules are at rest in comparison 
with the motion of the beam molecules. In the 
present case, the average velocity of the scatter- 
ing molecules is less than one percent of the 
beam atom velocity as computed from the atom 
gun voltage. 

Table I summarizes the present results on the 
scattering of high velocity hydrogen atoms in 
hydrogen gas. In all, 166 independent intensity 
measurements were made. These fell into 50 
groups, from which were computed 32 individual 
mean free paths. The values recorded in the 
table are means, obtained by the method of 
least squares from the several individual values 














TABLE I. 
Le Sy PERCENT Yy 
VOLTAGE cM (10716cm?) ERROR (+) (10-8cm) 
196 0.181 1.567 32 0.706 
306 0.473 0.599 Fe | 0.437 
398 0.685 0.413 2.4 0.363 
499 0.912 0.310 1.8 0.314 
552 0.812 0.349 #! 0.333 
592 0.915 0.309 1.9 0.314 
695 1.122 0.252 2.1 0.283 
810 1.240 0.228 4.2 0.270 
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Fic. 4. Classical collision cross sections. 


at each of the eight voltages. The voltages are 
also mean values. It was found more feasible to 
permit the voltage to vary slightly (about 2 
percent) in repeat runs, and take cognizance of 
the variation by computing a mean, than to 
control the voltage accurately to a fixed value. 
The collision radius, 7,, is computed from the 
relation 7,=(S,/7)*. The percent error is the 
probable percentage error of the mean L, and S, 
values. 

The average error for all LZ, and S, values is 2.8 
percent. This figure represents the reproducibility 
of the shape of the plot in Fig. 4 of collision cross 
section against the square rcot of the atom gun 
voltage. 


DISCUSSION 


The relative maximum at 550 volts in Fig. 4 
is particularly interesting. It is not likely that 
it is due to diffraction since the de Broglie 
wave-length at this voltage is not at all com- 
parable to the collision radius of the system, the 
values being 0.02X10-* and 0.33X10-® cm, 
respectively. At 500-600 volts most of the 
scattering would be quite classical with little 
expectation of diffraction effects. It is therefore 
highly probable that the relative maximum is due 
to the presence of inelastic collisions and may 
be due to dissociation of the scattering gas or to 
excitation or ionization of either the beam or 
scattering particles. Such processes would require 
electrons of 11-50 volts and protons or fast 
hydrogen atoms of very much greater energy. 
The fact that such inelastic collisions would 
have to exhibit, in the present case, a maximum 
efficiency at 550 volts has its analog in the fact 
that ionization and excitation probabilities for 


12 y. 


electrons show fairly sharp maxima at energies 
several volts above the critical potentials. To 
specify uniquely the nature of the inelastic 
process occurring at 500—600 volts would require 
experiments to detect the presence of dissociated 
particles (comparatively slow hydrogen atoms), 
excited neutrals, or ions resulting from collisions 
of 500—600-volt hydrogen atoms with low velocity 
hydrogen molecules. 

The radii listed in Table I are so-called classical 
radii. As explained by Mott and Massey,° this 
is due to the fact that the average angular 
aperture of the present detecting system (2.25° 
with respect to the beam axis, 3.37° in the 
relative coordinates used by Mott and Massey) 
was too large to permit the detection of particles 
lost to the beam by diffraction. The value 2.25° 
was obtained by averaging, over the entire 
scattering distance, the maximum angle (referred 
to the beam axis) through which a beam atom 
could be deflected and still strike the thermopile 
receiver. This average included angles ranging 
from 0.55° for a particle scattered at the beam 
source to 90° for a particle scattered at the 
thermopile detector. It was found that the 1-mm 
alignment nozzle in the radiation shield rather 
than the 1.6-mm opening above the thermopile 
receiver, determined the aperture geometry. For 
the purpose of these calculations the beam was 
considered as originating in the center of the 
atom gun channel. Had the average angular 
aperture of the detecting system been vanish- 
ingly small, the experimental cross sections would 
be expected to be about twice as large as those 
listed in Table I, giving collision radii whose 


® Mott and Massey, Proc. Roy. Soc. Al41, 434 (1933); 
Al44, 188 (1934). 
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values would be about v2 times the present 
values. The larger cross sections and radii are 
referred to as wave-mechanical cross sections and 
radii since their enhanced values are due to 
diffraction effects which cannot be present ac- 
cording to classical concepts. For the present 
system, the relative angular aperture required 
to detect the first effects due to diffraction lies 
between 1.15° and 1.72°, depending upon the 
voltage, as compared with the 3.37° aperture of 
the present apparatus. 

The potential energy curve for the system, 
H—Hsz, is not known at the small distances of 
separation which are of interest in the scattering 
of high velocity particles. From the information 
that is available with respect to the potential at 
larger distances, however, it is practically certain 
that the radii of Table I, even if multiplied by v2 
to take into account wave mechanical effects, 
would fall on the highly repulsive part of such a 
curve, in confirmation of the prediction that the 
elastic scattering of particles with velocities as 
high as those involved in these experiments is 
due to repulsive forces of interaction. 

Since the present experiments have indicated 
the feasibility of producing high velocity beams 
and of quantitatively measuring the intensity of 
such beams, work is being continued to permit 
the measurement, as a function of angle, of the 
scattering of fast helium atoms by helium at 
ordinary temperatures. Such measurements at 
200 to 1000 volts should give information con- 
cerning the repulsive potential of the He—He 
system at distances of about 0.5 to 2A. The 
estimation of interaction potentials from vis- 
cosity and equation of state data gives no clue 
as to the form of the potential at these distances. 
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The Beta’-Beta Transformation in Lithium-Lead Alloys* 


Tuomas C. WILson** 
Yale University, New Haven, Connecticut 


(Received August 7, 1939) 


Measurements made by Grube and Klaiber in 1934 on the alloys of lithium and lead indicate 
that a transformation of peculiar character occurs in the beta-phase of these alloys. The 
behavior of this transformation under high hydrostatic pressure has been investigated by 
measurements of the electrical resistance. The results, together with those from rough thermal 
expansion measurements, indicate that the transition takes place gradually on heating from a 
phase of abnormally high energy and entropy content to a phase of more normal character. 
X-ray analyses suggest that the transition is accompanied by movements of the lithium atoms 


in the lattice to more orderly positions. 





INTRODUCTION 


RUBE and Klaiber,! while making thermal 

analysis and resistance measurements upon 
the alloys formed by lithium and lead, found 
that a transformation of peculiar character took 
place in solid alloys of composition near the 
equiatomic ratio of these two metals. This 
present report describes several measurements 
made as a supplement to those of the earlier 
investigators to determine more exactly the 
nature of this transformation. 

The phase diagram for the complete series of 
alloys, as determined by Grube and Klaiber 
from their two methods of investigation, is 
reproduced in Fig. 1. As the diagram indicates, 
alloys near the equiatomic ratio form a stable 
compound LiPb, having a melting point of 
482°C as compared with that of 327°C for lead, 
and 178°C for lithium. This so-called beta-phase 
is homogeneous over a range of about three 
atomic percent of the constituents. Grube and 
Klaiber observed that the electrical-resistance of 
alloys in this beta-field is characterized by a 
negative temperature coefficient at low tempera- 
tures (50°C to about 200°C) and a normal posi- 
tive coefficient at higher temperatures. Their 
resistance-temperature curves show the transi- 
tion from an abnormal to a normal behavior 
occurring abruptly, and at temperatures ranging 


* Part of a dissertation presented to the Faculty of the 
Graduate School of Yale University in candidacy for the 
degree of Doctor of Philosophy. 

** Now with New Jersey Zinc Company, Palmerton, 
Pennsylvania. 

1G, Grube and H. Klaiber, Zeits. f. Elektrochemie 40, 
745 (1934). 


from 186°C to 214°C depending on the com- 
position of the alloy. These abrupt breaks are 
assumed to indicate a phase change which is 
entered upon Fig. 1 as the beta’-beta transforma- 
tion. It should be noted that the points shown on 
this phase diagram are taken only from the 
resistance measurements; cooling curves did not 
show breaks indicative of an evolution or 
absorption of latent heat at coincident tem- 
peratures. 

Grube and Klaiber made and tested two 
speculations regarding the nature of the beta’- 
beta transition. Although the resistivity of LiPb 
is distinctly metallic in magnitude, the peculiar 
decrease of resistance of the beta’-phase with 
temperature was first compared to the similar 
behavior of many semi-conductors. It is known, 
for example, that small grained specimens of 
silicon are characterized by a negative tempera- 
ture coefficient of resistance, whereas single 
crystals of silicon have a positive coefficient. 
With the thought, therefore, that grain size 
might have an effect upon the electrical behavior 
of LiPb, several large grain specimens were 
prepared. No significant differences were found 
between these and the earlier samples examined. 

They next compared the decrease in resistance 
of LiPb as it approaches the critical point on 
heating to the decrease observable in a quenched 
alloy of CuAu or Cu;Au as it is changed by 
annealing from a metastable (disordered) to an 
equilibrium (ordered) condition. Because their 
observations were made on well-annealed speci- 
mens, this possibility was dismissed. 

Grube and Klaiber concluded that the com- 
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pound LiPb can exist in two different forms, the 
high temperature form beta having a positive 
temperature coefficient of electrical resistance, 
the low temperature form beta’ a negative 
coefficient. 

GENERAL 


‘ 


Several anomalous transitions such as that just 
described have been shown in recent years to 
be order-disorder transformations. There are in 
fact three points of similarity observable from 
the phase diagram between the transition in 
LiPb and the order-disorder transformation in 
other alloys. (1) It appears at or near a stoichio- 
metric ratio of the components, occurring over a 
fairly wide composition range. (2) It occurs in a 
temperature range near the melting point of one 
component, as in the case of beta-brass. (3) The 
transition temperature reaches its maximum at 
the equiatomic ratio, falling to lower values for 
alloys on the lithium rich side of this point. Such 
behavior is characteristic of all order-disorder 
transformations. 

Because of these facts, it was thought of 
interest to include the alloy LiPb in a general 


investigation (reported elsewhere’) on the effect 
of high hydrostatic pressure on the order-dis- 
order transformation. Measurements of the elec- 
trical resistance of the alloy under pressure are 
here reported,* as well as several observations 
of a rough character made to explain in part the 
electrical behavior. 


PREPARATION OF SPECIMENS 


Since lithium reacts with glass, quartz and 
most common crucible materials, the alloys were 
made, following Grube and Klaiber, in a soft 
steel crucible. Desired amounts of lithium (Kahl- 
baum) were weighed in a beaker of mineral oil 
after the usual oxide coating on the sticks had 
been scraped off under petroleum ether. The 
weighed quantities were rinsed off in the scraping 
dish and quickly inserted into the crucible, 
likewise filled with petroleum ether. The lead 
(labeled Test Lead—Silver Free) was added, and 
the crucible closed with a screw plug. The plug 
was pierced in such a way that it made a tight 


2T. C. Wilson, Phys. Rev. 56, 598 (1939). 
* The technique used is described in reference 2. 
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seal when screwed down, but if left slightly 
loose permitted the crucible to be evacuated 
through an attached tube. The plug was sealed 
around the threads with Apiezon putty, the 
crucible evacuated and then sealed by tightening 
the plug. After heating to about 550°C, the 
crucible was removed from the furnace and 
shaken vigorously as it cooled. This proved 
necessary to prevent separation of the liquid 
metals and so obtain a homogeneous alloy. The 
fact that both ends of the crucible were closed 
with screw plugs facilitated the removal of 
the ingot. 

Resistance specimens were cast by thrusting 
a steel mold into a second crucible in which the 
alloy was later melted. The surface of the metal, 
although protected to some degree by a stream 
of illuminating gas, invariably was covered with 
various compounds (lithium forms oxides, ni- 
trides, and hydrides) after this process, and from 
3 to 5 percent lithium was lost. These factors 
were not considered serious, however, since the 
mold was thrust so far into the body of the melt 
that surface impurities did not become part of 
the castings, and since allowance could be made 
for lithium loss when weighing out the com- 
ponents of the alloy. 

This method of casting resistance specimens 
is due to Grube and Klaiber. They, however, 
used open crucibles in a purified argon atmos- 
phere for both preparing their alloys and casting 
their specimens. 


RESULTS AND CONCLUSIONS 


Alloys of several compositions were prepared. 
All of those examined showed the peculiar be- 
havior of the electrical resistance described 
above. Fig. 2 for example, shows the observed 
course of the resistivity-temperature curve for 
the alloy prepared with the highest lithium 
content (55.6 atomic percent—calculated from 
x-ray measurements of the lattice constant and 
from density). Over the temperature range used 
by the other investigators, 50°C and above, the 
shape of the curve is quite similar to that they 
gave for about the same composition. The 
critical temperature, however, is about 14°C 
lower and the resistivity slightly lower (67. (10)-* 
ohm-cm at 50°C as against Grube and Klaiber’s 


value of about 70. (10)-* ohm-cm). The latter 
difference may be explained by dimensional 
errors since alloys of this composition are so 
brittle that it is very difficult to get large 
specimens out of the mold and relatively small 
fragments must be used for resistance meas- 
urements. 

From Fig. 2 it may be noticed that the low 
temperature modification of LiPb (beta’) has a 
negative temperature coefficient of resistance 
only over the restricted temperature range used 
by the earlier investigators. For low temperatures 
its resistance behavior is purely metallic in 
character. The shape of the curve also suggests 
that whatever transition is occurring between 
the beta’- and the beta-phase has already prog- 
ressed considerably at temperatures as low as 
50°C. Measurements made upon the alloy be- 
tween this temperature and the critical point 
may therefore only be indicative of the state of 
the alloy in the latter stages of the trans- 
formation. 

The dotted lines in Fig. 2 show the resistivity 
changes of the same alloy when under pressures 
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of 5000 kg/cm? and 10,000 kg/cm?. The points 
on these dotted curves are derived from the 
resistance-pressure runs made at the constant 
temperatures shown in Figs. 3 and 4. The 
average pressure coefficients up to 10,000 kg/cm? 
(Table I) were applied to the values of the 
resistivity obtained on the run at atmospheric 
pressure (full line) to derive the lower curves. 
This indirect procedure was made necessary by 
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the slight permanent changes in resistance which 
took place in the specimen, due, no doubt to 
the shifting of the solder under pressure. (See 
for example the curve for 160.5°C, Fig. 3.) 

The instantaneous rates of change of the 
resistivity with pressure are given in Table II; 
these quantities are also derived from the curves 
of Figs. 3 and 4. 

There are three general statements justified by 
the behavior of this alloy under pressure. These 
are: (1) The values of the quantities listed in 
Tables I and II are of relatively large magnitude 
for the low temperature or beta’-phase. The high 
temperature or beta-phase, however, has a com- 
paratively normal behavior. (The average pres- 
sure coefficient of resistance of lead is about 
12 (10)-® cm?/kg.) (2) The pressure coefficients 
‘increase but slightly as the temperature of the 
transition is approached on heating. (3) The 
transition point is lowered by pressure. 

In order to determine whether the latter fact 
could be attributed to a contraction of the alloy 
as it is heated through the critical point, thermal 
expansion measurements were made by placing a 
rod of the alloy (it was necessary to use an alloy 
of about 47 percent lithium consisting of alpha 
and beta mixed crystals to obtain the required 
mechanical strength) in a dilatometer of the 
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type described by Bridgman* for his compressi- 
bility measurements. The whole assembly was 
heated in a mineral oil bath to prevent oxidation 
of the specimen. The results may be listed as a 
further statement. (4) There is no contraction in 
length as the alloy is heated, but instead a 
steady expansion at rates given roughly by 


1 /AL 
-(=) =4(10)-5 °C, 
L\aT/ » 


1 /AL 
-(—) = 2(10)-5 °C-1, 
L\aT/, 


These four facts should be explained by any 
proposal concerning the nature of the beta’-beta 
transformation. On thermodynamic considera- 
tions, Maxwell’s fourth relation 


a-oD 
oT am Op/ 
provides a connection between (1) and (4), in 


that (4) shows the left-hand side of the equation 
to be positive for both phases and about twice 


TABLE I. LiPb. Average pressure coefficients of resistance. 











1AR 
—R Dp X 106 cm?/KG 
7 SPECI- 2000 4000 6000 8000 10,000 
Temp. MEN KG/cmM? | KG/CM? | KG/cM? | KG/cM? | KG/cM? 





54 II 33.3 32.3 30.5 28.7 27.6 
97.6 II 31.8 31.0 30.7 29.6 28.6 


99 I 32.4 31.6 30.8 29.8 29.5 
119 II 33.7 33.7 32.5 31.1 30.1 
123 I 33.9 33.1 32.1 31.3 30.0 


135 II 36.9 35.1 33.1 31.3 29.2 
147 II 37.7 37.0 35.6 29.7 26.0 
149 I 36.6 35.2 31.0 26.3 23.3 
160.5 I 38.4 28.5 22.8 19.6 17.6 
164 II 36.1 25.1 21.5 19.3 17.6 


























as great in magnitude for the beta’ as for the 
beta-phase. It therefore can be asserted that a 
decrease of the entropy ¢ occurs under pressure, 
and at a rate approximately twice as great in 
the beta’-phase as in the beta-phase. This is 
reflected in the behavior of the resistance under 
pressure as stated in (1) and as shown in a more 
quantitative way in Table II. 


3P. W. Bridgman, Physics of High Pressure (Mac- 
millan, 1931). 
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THE BETA’-BETA TRANSFORMATION 


The total entropy ¢ may be considered as a 
sum of two terms, ¢y the entropy of the thermal 
vibrations of the atoms, and ¢, the configura- 
tional entropy depending upon the orderliness 
of their arrangement in the lattice. With a pure 
metal, the total entropy consists of only ¢y and 
the effect of pressure is in general to decrease 
this quantity. With order-disorder alloys, such 
as CuAu and Cu;Au, the entropy of a partially 
or wholly disordered alloy consists of contribu- 


TABLE II. LiPb. Instantaneous slopes dp/dp ohm-cm* 











kgX 104. 

°C SPECI- 2000 4000 6000 8000 
TEMP. MEN KG/CM? KG/cM? KG/CM? KG/CM? 

54 II 19.9 18.0 15.6 14.4 

97.6 II 19.1 18.6 17.6 16.4 

99 I 20.9 20.0 18.6 17.9 
119 II 20.7 20.1 17.8 16.3 
123 I 21.7 20.7 19.5 18.2 
135 II 21.7 19.3 17.5 14.3 
147 II 23.2 21.9 13.6 7.1 
149 I 23.4 22.5 9.0 7.8 
160.5 I 21.4 (oe 7.0 7.0 
164 II 9.0 8.6 14 6.6 























tions from both terms. As has been shown in 
reference (2), pressure upon such an alloy de- 
creases both types of entropy, but that the rate 
of decrease of the configurational entropy with 
pressure, —(0¢/0p)., changes from a low value 
at low temperatures to a high value at tempera- 
tures at and slightly above the critical point, 
and thereafter falls again to a negligibly small 
amount. 

In the case of LiPb, there are two possible 
postulates; (A) that the entropy content is made 
up of both configurational and vibrational parts. 
(B) that the entropy is wholly of the vibra- 
tional type. , 

Assuming the validity of postulate A, the 
behavior described under statement (1) is con- 
sistent with the view that the beta’-phase 
consists of a disordered arrangement of the 
constituent atoms and that the effect of pressure 
is to promote a more orderly array. With this 
view, the comparatively normal behavior of the 
beta-phase would indicate that here the alloy is 
in a completely disordered state and at a tem- 
perature too high to permit the arrangement to 
be affected by the pressures used, or that in 
the beta-phase the atoms are already in a uni- 
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form distribution and that pressure cannot 
therefore promote a further ordering. 

Postulate B rules out such an explanation in 
terms of degree of order but requires that some 
change takes place in the magnitude of the 
forces holding the atoms to their unchanging 
positions of equilibrium and that the amplitude 
and frequency of their vibrations are thereby 
affected as the alloy passes from the beta’- to 
the beta-phase. 

Statement (2) seems to point only to the fact 
that the transition which occurs takes place very 
gradually in the range of temperatures 50°C to 
the critical point, a possibility already suggested 
by the shape of the resistivity-temperature curve. 
Such behavior is not typical of the order-disorder 
alloys CuAu and CusAu. 

Statement (3) describes a shift in the critical 
point with pressure that is opposite in direction 
to that occurring with the alloys CuAu and 
Cu3Au. This effect also shows that the trans- 
formation is somehow different from the usual 
order-disorder transition. Because of this nega- 
tive shift, it is possible to transform the beta’- 
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phase into the beta-phase by pressure alone. 
Since, however, pressure decreases the entropy, 
it is evident that at constant temperature the 
beta-phase is of lower entropy content than the 
beta’-phase, and inferentially that the rate of 
increase of entropy with temperature in passing 
from the beta’ to the beta-phase at constant 
pressure is less than a normal value. 

In view of the fact that Grube and Klaiber’s 
observations indicate that this transition in- 
volves no latent heat at the critical point, 
Clapeyron’s equation does not apply to the 
change of the critical point with pressure. If the 
assumption is made, however, that the trans- 
formation is one of the second kind (Ehrenfest’s 
terminology), then Ehrenfest’s equation 


dT, A(aV/8T)> 


= T—_—__ 1 
dp AC, ” 





may be applied to the observed shift. Inserting 
experimental values for the known quantities, 
the equation predicts that the specific heat of 
the alloy should rise, as it passes through 
the critical point on heating, by about 0.03 
cal. g-! °C-!. There have been theoretical ob- 
jections to Ehrenfest’s equation* and questions 
may be justifiably raised regarding the magni- 
tude of this quantitative prediction on the 
specific heat. There seems, however, little reason 
to doubt the sign of the predicted change. 

That an increase in the rate of absorption of 
energy should occur as the,alloy is transformed 
by heating to the beta-phase, implies (in view 
of the relative entropy content of the two phases) 
that the beta-phase is one of more normal energy 
content. The transition between the two phases 
on heating would, in such a case, be accom- 
panied by a gradual release of the excess energy 
of the beta’-phase. This process would be evi- 
denced by an abnormally low value of the 
specific heat in the latter stages of the transition, 
and a rise in the specific heat to a normal value 
as the transition point was crossed. (A normal 
value of the specific heat of LiPb, calculated 
from the specific heats of Li and Pb assuming a 
pure mixture would be about 0.07 cal. g—! °C-1.) 

A further argument regarding the behavior of 
the energy may be based upon the shape of the 


* See discussion in Epstein’s Thermodynamics. 
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resistivity-temperature curve. In most metals 
and even in the order-disorder alloys the re- 
sistance and the energy are dependent upon the 
same factors and in a roughly similar way. The 
energy-temperature curves and resistance-tem- 
perature curves have therefore similar shapes. 
The resistivity-temperature curve of LiPb seems 
to indicate that there is a contribution to the 
resistance in the beta’-phase which gradually 
vanishes as the transition point is approached. 
It might be inferred that this is also true of the 
energy of the alloy. The analogy cannot be 
carried too far, however, as it seems funda- 
mental that the energy-temperature curve have 
a positive slope at all times. 

An attempt was made to test directly the con- 
clusions above regarding the energy by measuring 
the specific heat. The method used was that of 
Sykes,’ modified by substituting a light copper 
calorimeter containing fragments of the alloy 
for a massive specimen of the alloy itself. Due to 
oxidation of the alloy during the measurements, 
and due to the small quantity used, (only 6 g 
compared to 10 g for the calorimeter itself) the 
results were insufficiently precise to be used in 
confirmation of these conclusions. The results, 
however, did confirm Grube and Klaiber’s work 
in that no latent heat could be detected at the 
critical point. 

X-ray analyses of the structure of LiPb are 
made difficult by the fact that scattering from 
lithium is so small relative to that from lead that 
it is not possible to detect the positions of the 
lithium atoms. Several exposures were made, 
however, and these showed the lead atoms on a 
body-centered lattice in both the beta’- and beta- 
phase.* For the alloy of 55 percent lithium the 
measured lattice constant was 5.015A at room 
temperature, the density 6.06 g/cm*. These 
figures indicate that there are slightly over two 
lead atoms to the unit cell and slightly less than 
three lithium atoms. The exact figures are of 
little meaning since the density measurements 


4C. Sykes, Proc. Roy. Soc. A148, 422 (1935). 

* These measurements were made by soldering the 
specimen to a copper rod and recording the diffraction 
patterns for small glancing angles with the rod at room 
temperature and with the rod heated electrically to 210°C. 
The surface of the specimen was protected from oxidation 
in the first case by a coating of vaseline, in the second by 
allowing heated mineral oil to drip constantly on the speci- 
men during the exposure. 
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were made of necessity in kerosene on small 
fragments and are not therefore precise. It should 
be noted, however, that this indicated structure 
requires that the alloy of 60 percent lithium be 
body-centered in the lead atoms with exactly 
two atoms per unit cell. The three lithium atoms 
would in that case be at any of the six equivalent 
remaining positions at the face centers and at 
the middle of the cube edges. It would then 
have to be assumed that with alloys of between 
60 percent and 50 percent lithium, the extra 
lead atoms replace lithium. (This picture seems 
difficult to reconcile with the phase diagram but 
no alternative presents itself from the prelimi- 
nary x-ray analysis.) 

Under postulate A, earlier mentioned, the 
beta’-phase has an abnormally high value of 
configurational entropy at least in the range of 
temperatures from room temperature to the 
transition point, while the beta-phase has a 
more normal entropy content. This might be 
explained on the basis of the suggested structure 
above as follows. At temperatures around 0°C, 
the lithium atoms are more or less irregularly 
scattered among the many equivalent positions 
in the cubic lattice of lead atoms, their irregu- 
larity causing the abnormally high entropy con- 
tent and the high value of the electrical re- 
sistance. As room temperatures are approached 
a slight distortion of the cubic lead lattice takes 
place, making some of the six equivalent lithium 
positions more favorable energetically than the 
others. If the distorted structure is tetragonal 
the six positions are split two and four, if 


rhombohedral, three and three. This distortion 
is accompanied by a rearrangement of the lithium 
atoms into the more favorable ordered positions. 
The process of distortion and rearrangement 
continues as the melting point of pure lithium is 
approached, culminating in a complete transition 
to an orderly arrangement at the critical point. 
The effect of pressure upon the beta’-phase is 
simply to enhance the distortion and rearrange- 
ment process, causing the abnormally high pres- 
sure coefficient of resistance earlier mentioned. 

Under postulate B, no simple suggestion pre- 
sents itself regarding the cause of the relative 
entropy difference between the two phases. 

The unusual character of this transformation 
would seem to warrant a more exhaustive and 
precise investigation than has been possible in 
this work, particularly with regard to the x-ray 
analysis and the behavior of the specific heat. 

The writer wishes to acknowledge his indebted- 
ness to Professor L. W. McKeehan under whose 
guidance this work was carried out. His keen 
interest and help throughout the entire investi- 
gation and throughout many discussions of the 
problem were invaluable. 
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Physics Laboratory of part of the pressure 
equipment simplified the technical difficulties. 
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versations with Professor J. C. Slater of M.I.T. 
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Dissociation Treatment of Condensing Systems 


III. Properties of Saturated Vapors of H.O, NH;, CH;Cl and CO,* 


T. P. Tsenc, S. K. Fence, C. CHENG AND W. BANnpD 
Yenching University, Peiping, China 


(Received October 16, 1939) 


It is found that the dissociation treatment previously described gives a satisfactory theory 
of the saturated vapor pressure curves in temperature ranges not too close to the critical 
point. Curves are given for PV/NkT and for surface energy in the cases of H2O, NH;, CH;Cl 
and COs. In the case of H,O there remains an appreciable discrepancy in the energy curves at 
low values of T/T-. It is suggested that this may be removed by taking into account the small 
size of the clusters involved in the equilibrium between vapor and liquid: the surface energy 
in a cluster may differ from that for the liquid in bulk. A method of estimating mean cluster 
sizes is suggested, which leads to reasonable results. 





INTRODUCTION 


HE dissociation treatment of condensing 
systems has been shown to give a perfect 
gas analog of the equation for the properties of 
saturated vapors,! and to further permit methods 
of successive approximation towards a more 
precise equation which takes into account the 
finite size of the molecules.” 
This paper presents the results of an applica- 
tion of the simpler equation to the four ex- 


amples, H2O, NH3, CH;Cl and COsz. 


GENERAL METHOD 


The equations to be employed are, from refer- 
ence 1 Eq. (17): 


PV=NkT(i+¢)/(1+<), (1) 
o=2,'s*” exp {—x(s,T)/kT}, (2) 
o =2,'s5/? exp { “ x(s,T)/kT}, (3) 


and x(s,7) is the mean surface energy of a cluster 
of s molecules. To proceed from this point, some 
hypothesis as to the form of x(s,7) is required. 
It will be assumed that it is proportional to the 
number of molecules in the surface of the cluster, 
the factor of proportionality being a function 
only of 7: 


where 


x(s,T) =A(T)n(s). (4) 


* Contribution from the Department of Physics, Yen- 
ching University. 

1 Part I, W. Band, J. Chem. Phys. 7, 324 (1939). 

2 Part II, W. Band, J. Chem. Phys. 7, 927 (1939). 
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The number of surface molecules n(s) in a 
cluster of type s will be assumed equal to 


n(s)=a(si—1), (5) 


where a is a constant. Physically there is no very 
clear definition of what is meant by the number 
of molecules in the surface of a cluster of mole- 
cules, and in Eq. (5) it is quite possible that a 
should be regarded as a function of 7. However, 
the above vague argument wiil serve as a partial 
rationalization of the following mathematical 
assumption regarding the exact form of x(s,7): 


x(s,7) =aA(T)(s'—1), (6) 
where a is a constant. 


Write w=aA(T)/kT, (7) 


then (2), (3) become: 
o=e"d,'s*/? exp { —ws}}, (8) 
o =e"D,’'s5? exp { —ws}. (9) 


These sums will converge rapidly for values of 
w large enough, and can then be directly tabu- 
lated as functions of w. For smaller values of w, 
the sums are more easily obtained as given 
approximately by integrals, as follows. 


Write x=wus!, y=w2}, (10) 


then remembering that in transforming the sums, 
the steps of the infinitesimal ds are unity, a 
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TABLE I. Values of , o from (8) and (9); and from (11) and (12). 
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INTEGRAL METHOD SUMMATION METHOD 
ACCEPTED 
(1+¢) (1+¢) (1+¢) 
w y ? o (1+¢0) te) o (1+¢) (1+¢) 
0.5 0.7937 145.2 3311. 0.0441 -- —- —- 0.044 
1.0 1.5874 16.21 141.2 0.1210 = — —- 0.117 
i5 2.3811 4.803 26.09 0.2142 — — --- 0.206 
2.0 3.1748 2.024 8.406 0.3215 —_— — —— *0.310 
2.5 3.9685 1.018 3.558 0.4426 — — _- 0.427 
3.0 4.7622 0.5574 1.757 0.5650 — aaa —- 0.545 
3.5 5.5559 0.3265 0.9535 0.6791 0.5401 1.351 0.6551 0.655 
4.0 6.3496 0.2008 0.5511 0.7742 0.3644 0.8588 0.7340 0.734 
4.5 7.1433 0.1263 0.3327 0.8451 — — — 0.800 
5.0 7.9370 0.08155 0.2074 0.8957 0.1783 0.3913 0.8469 0.847 
6.0 9.5244 0.03588 0.08620 0.9537 0.09231 0.1947 0.9143 0.914 
7.0 11.1118 0.01683 0.03803 0.9796 0.04924 0.1016 0.9525 0.953 
8.0 12.6992 0.008629 0.01740 0.9913 0.02671 0.05443 0.9737 0.974 
9.0 14.2866 —- — — 0.01463 0.02959 0.9855 0.986 
10.0 15.8740 —- = —- 0.008058 0.01623 0.9920 0.992 
11.0 17.4614 ~- - = --- 0.004456 0.008949 0.9955 0.996 
simple calculation gives the results: . o=G(y){T'(S.25) —I(y, 4.25)}, (14) 
where 
a) F(y) = 8.4853 y—*-78e%-629060, (15) 
¢=6v2y-*-7 exp (ry) f x?-5¢e-=dx, (11) 
y G(y) = 16.7706y—5-75¢9 -62996y, (16) 
2 and 
= 19VJy—-5-25 ex 3 4.259—2 . 
o=12v2y exp (2 » f x*-5e-t*dx, (12) I(y, ny=f x"e-*dx, (17) 
y 
0 
Therefore, in terms of known integrals: 
TABLE IV. PV/NkT for NHs3. 
= F(y){T'(3.75) —I(y, 2.75)}, (13) i 
S 
DYNES vy aA(T) (1+¢)| PV 
Taste II, PV/NkT for H:0. rK |~cae | xio-n| Scio! «ow =| Ge) | NEF | 77/7. 
Ss 406 0.0 8.31; 0.0 | 0.0 0.0 0.246 | 1.000 
pyxes| ,, | A(T) (1+¢)| PV. 380 | 4.8 | 15.52| 3.7 | 0.71 | 0.074 | 0.558 | 0.936 
T°K cm? | X1072!) X10*4) ow (1+0)| NkT | T/T; 358 8.2 | 17.61 5.9 1.20 | 0.160} 0.682 | 0.882 
- 340 11.5 | 18.94] 7.83] 1.68 | 0.252! 0.758 | 0.837 
647 | 0.0 | 13.5 | 0.0/0.0 (0.0 | 0.185 | 1.0 323 | 14.8 | 20.04] 9.71] 2.19 | 0.364 | 0.818 | 0.796 
403 | 52.84] 31.5 | 25.6 | 4.64° | 0.817 | 0.969 | 0.623 307 18.1 | 20.97 | 11.5 2.73 | 0.498 | 0.863 | 0.756 
373 | 58.85] 32.3 | 28.1 | 5.50 | 0.885 | 0.983 | 0.577 284 23.4 | 22.191 14.4 | 3.70 |0.676/| 0.914 |0.700 
343 | 64.42) 32.9 | 30.3 | 6.45 | 0.934] 0.991 | 0.530 259 32.8 | 23.40 | 19.4 5.47 | 0.881 | 0.953 | 0.638 
313 | 69.56] 33.4 | 32.5 | 7.56 | 0.967 | 0.995 | 0.484 238 40* | 24.35 | 23.1 74 0.955 | 0.974 | 0.586 
283 | 74.22) 33.7 | 34.5 | 8.88 | 0.984} 0.999 | 0.437 219 46* | 25.16 | 27 9.0 0.986 | 0.985 | 0.540 
265 | 76.96) 33.6 | 35.7 | 9.84 | 0.991 | 0.999 | 0.410 203 51* | 25.82 | 28 98 0.987 | 0.989 | 0.500 
TaBLeE III. PV/NkT for CH;Cl. TaBLe V. PV/NkT for CO, 
S s 
DYNES Py aA(T) (i+¢)} PV. DYNES i aA(T) (1+¢) PV 
T°K cm? X10 | «10714 w (1+¢) ikT T/Te T°K cM? x 10-21 x 10+14 w (i+e) NkT Tit 
416.3 | 0.0 | 4.38] 0.0 | 0.0 {0.0 | 0.266 | 1.00 304.2 | 0.00 | 7.17 | 0.00 | 0.00 |0.0 | 0.2765) 1.000 
393.1 | 2.12} 7.77| 2.63) 0.49 | 0.044] 0.587 | 0.944 303.1 | 0.06 8.24 | 0.71 | 0.02 | 0.002 | 0.3776! 0.996 
373.1 | 4.54) 8.71} 5.20] 1.02 | 0.125 | 0.690 | 0.896 293.1 | 1.16 | 10.64 1.16 | 0.29 | 0.026 | 0.5437] 0.964 
353.1 | 7.22) 9.40| 7.84] 1.62 | 0.240) 0.754 | 0.848 283.1 | 2.73 | 11.85 | 2.54 | 0.65 | 0.055 | 0.6367) 0.931 
333.1 | 10.1 | 9.99} 10.6 | 2.32 | 0.400] 0.785 |0.800 273.1 | 4.49 | 12.75 | 3.98 | 1.06 | 0.128 | 0.6930} 0.898 
313.1 | 13.1 | 10.5 | 13.2 | 3.08 | 0.583 | 0.866 | 0.752 248.1 | 9.13 | 14.51 | 7.42 | 2.18 | 0.357 | 0.8218) 0.816 
293.1 | 16.3 | 11.0 | 16.1 4.01 | 0.736} 0.906 | 0.704 
273.1 |} 19.6 | 11.5 | 18.6 4.97 | 0.844 | 0.940 | 0.656 — 
249.1 | 23.7 | 12.0 | 21.9 6.41 | 0.932 | 0.969 | 0.598 <a 
































* Values extrapolated from experimental data. 
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is the incomplete gamma-function.* Table I gives 
the sum values from (8) and (9): and also the 
values of the integrals ¢ and o derived from (13) 
and (14). 

The integrals are appreciably less than the 
sums where they have both been obtained; 
but the agreement between the values of 
(1+¢)/(1+¢) is good. The sum values of 
(1+¢)/(1+0) have been extrapolated to smaller 
values of w, using the integral results as a guide; 
they are tabulated in the last column of Table I. 


THE SATURATED VAPOR PRESSURE CURVES 


Equation (5) gives the total number of mole- 
cules in the surface of a cluster of s molecules. As- 
sume that the cluster is roughly spherical in form 
with radius 7; then the volume density of mole- 
cules in the cluster is 


vy =3s/4rr8 (18) 
and the surface density, from (5) is roughly 
vo=ast/4rr’, (19) 
Thus vo = avy? /4.837, (20) 
and the energy per unit area is therefore 


E=wA(T)=(1/4.837)»,'aA (T). (21) 


Assuming that this is equal to the measured 
surface tension and that the density of molecules 
vy is the same in clusters as in the liquid, the 


5 N. Nielsen, Handbuch der Theorie der Gamma-funktion 
(Leipzig); Jahnke und Emde, Funktionentafeln (Leipzig). 


TSENG, FENG, CHENG AND BAND 


above equation gives the value of aA(T). These 
are tabulated in column 4 of Tables II, III, IV 
and V. Eq. (7) then gives the values of w, 
and from Table I the corresponding values of 
(1+¢)/(1+0¢) are found. These are compared 
with the experimental values of PV/NkT, in 
Tables IT, III, lV and V. Fig. 1 also gives the same 
comparison plotted against the scale of 7/7... The 
agreement is excellent for small values of 7/T-; 
but since in any case the values of (1+¢)/(1+¢) 
vary very slowly with w in this range, this is 
hardly a stringent check on the theory. 


SURFACE ENERGIES AND MEAN CLUSTER SIZES 


A more searching and suggestive test of the 
theory would seem to be the following. First 
match the experimental values of PV/NkT with 
the values of (1+¢)/(1+<¢) in Table I, in accord- 
ance with Eq. (1), so constructing a table of 
values of w corresponding to the values of 7. 
From these values of w, and 7, Eq. (7) will 
give values of aA(T); finally Eq. (21) will give 
the theoretical values of the surface energy E. 
These results are tabulated in Tables VI, VII, 
VIII and IX; and shown graphically in Fig. 2. © 

The values of £ per unit area obtained by this 
approach are consistently higher than the 
measured surface tension, but the difference de- 
creases at lower values of 7/7,. Considering that 


TABLE VI. s for HO. 





























aA(T) | wX E S 
T°K | PV/NkT| w X10*14| 10-21) pYNES/cM? Ss T/T; 
647 | 0.1847 | 1.35) 11.9 | 13.5} 13.9] O | 1.0] 1.0 
466 | 0.9143 | 6.00} 38.3 | 29.3} 75.3} 37 | 2.8 | 0.72 
427 | 0.9525 | 7.00} 41.0 | 30.7) 83.1] 47 | 3.4 | 0.66 
398 | 0.9737 | 8.00} 43.6 | 31.6} 90.2} 53.9) 3.9 | 0.62 
367 | 0.9855 | 9.00} 45.3 | 32.4) 95.1] 60.0) 4.5 | 0.57 
336 | 0.9920 | 10.0 | 46.1 | 33.0} 98.0 | 65.7) 5.3 | 0.52 
312 | 0.9955 | 11.0 | 47.0 | 33.4} 100.9 | 69.7) 5.8 | 0.48 














TABLE VII. s for CH;Cl. 





























aA(T) Vy E Ss 
T°K |PV/NkT| w 10714) X1072!| DyYNES/cM? s T/T; 
415.0 | 0.3215 | 2.00) 11.4 | 5.25] 7.1) 0.06} 1.0) 1.00 
411.8 | 0.4426 | 2.50) 14.1 | 6.25} 9.9) 0.29] 1.1) 0.99 
401.5 | 0.5650 | 3.00) 16.5 | 7.23] 12.8) 1.23] 1.2} 0.96 
381.4 | 0.6551 | 3.50} 18.3 | 8.37] 15.6} 3.50] 1.5) 0.92 
361.9 | 0.7340 | 4.00) 19.8 | 9.12] 17.9) 6.01] 1.9} 0.87 
321.0 | 0.8469 | 5.00) 22.0 | 10.3 | 21.5) 1.9 3.4| 0.77 
289.1 | 0.9143 | 6.00) 23.8 | 11.1 | 24.4) 16.9 5.9} 0.69 
263.4 | 0.9525 7.00) 25.3 | 11.7 | 26.9) 21.2 | 10.3) 0.63 
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there are no variable parameters in the theory, 
the agreement is really quite good. 

Apart from the necessarily approximate na- 
ture of the whole method, as emphasized several 
times already, there is one possible explanation 
of the discrepancies actually present. Except near 
the critical point, only small clusters will actually 
take part in the maintenance of the equilibrium 
or saturated condition. The mean energies x(s,7) 
will therefore necessarily refer to such small 
clusters, and the number (s) in Eq. (4) will be 
the function of s appropriate for small values. In 
Eq. (19) the factor s! was written for (si—1), to 
permit the simple relation (20) between vo and 
v,. If the significant values of s are all small, this 
neglect is not justified. Write, instead, as a 
second approximation : 


vo=as*[1—(s)-?]/4rr’, (22) 


where s is a mean of the significant values of s. 
Then instead of (20), it now follows that 


vo=(1/4.837)av,i[1 —(s)-#]. (23) 


The quantity s then becomes a parameter which 
can be adjusted so as to give an exact agreement 
between the theoretical E and the surface tension 
values. Thus, writing S for the observed surface 


TABLE VIII. s for NHs. 
































aA(T) Vy E Ss 
T°K | PV/NkT| w X10*14) K10-2!| DyNES/cM? s T/Te 
406 | 0.2460 | 1.65} 9.2 | 8.31} 7.8 | 0.0} 1.0} 1.00 
364 | 0.6551 | 3.50) 17.5 | 17.1 | 24.0 7.2} 1.7} 0.90 
340 | 0.7340 | 4.00) 18.6 | 19.0 | 27.3 | 12.0) 2.4] 0.84 
313 | 0.8470 | 5.00} 21.5 | 20.6 | 33.4 | 17.0} 3.0} 0.77 
284 | 0.9143 | 6.00) 23.4 | 22.2 | 38.2 | 25.0) 4.9] 0.70 
259 | 0.9525 | 7.00} 24.9 | 23.4 | 42.1 | 33.0) 10 | 0.64 
238 | 0.9737 | 8.00} 26.1 | 24.5 | 45.3 | 40.0} 25 | 0.59 
219 | 0.9855 | 9.00) 27.0 | 25.2 | 47.9 | 46.0) 126 | 0.54 











TABLE IX. s for COz. 











aA(T) Vy E S 
T°K | PV/NkT| w | X10*'4) X10!) DyNES/cM? s | T/Te 
304.2 | 0.2765 | 1.84) 7.67| 6.40} 5.5) 0 1.0 | 1.00 
303.9 | 0.3398 | 2.13) 8.87} 7.59] 7.1/0.017| 1.0 | 1.00 
299.6 | 0.4540 | 2.61) 10.72} 9.42| 9.9/0.40 | 1.1 | 0.98 
291.4 | 0.5610 | 3.07) 12.28| 10.9 | 12.4) 1.43 | 1.2 | 0.96 
280.4 | 0.6551 | 3.5 | 13.4 [12.1 | 14.7/ 3.11 | 1.4 | 0.92 
263.7 | 0.7338 | 4.0 | 14.5 | 13.5 | 16.9) 6.04 | 1.9 | 0.87 
252.3 | 0.7973 | 4.5 | 15.6 | 14.3 | 18.9) 8.24 | 2.4 | 0.83 
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tension values, and E£ for the uncorrected ex- 
pression obtained from (21), equating S to the 
expression derived from (23), it follows that 


S=E[1—(s)-*] 
or s=[E/(E—S)}}. (24) 


The values of s obtained in this way are also 
shown in the tables. 

At temperatures near the critical point the 
theory fails for entirely other reasons, but outside 
this neighborhood these values of s may give 
some indication as to the size of clusters which 
take part in the exchange between the liquid and 
its saturated vapor. Where s is computed as 
greater than about 30, the result is meaningless 
because such a value means that the error caused 
by the small value s is less than 10 percent; and 
would be masked by other uncertainties. 

It is interesting that s decreases with increasing 
temperature, as is intuitively correct. Near the 
critical point the formal application of (24) leads 
to values of s near or even less than 2, whereas 
intuitively very large clusters are to be expected. 
However the more accurate theory, applicable 
near the critical point, will lead to an increase 
of s close to the critical point. 

In conclusion one of us, Tse-Pei Tseng, wishes 
to thank the Board of Trustees for the Ad- 
ministration of the Indemnity Funds Remitted 
by the British Government to China, for granting 
him a Boxer Research Fellowship for 1938-39. 








JANUARY, 1940 


JOURNAL OF CHEMICAL PHYSICS 





VOLUME 8 


A Study of the Diffraction of Protons of Medium Energy by Vapor Molecules* 


H, J. YEARIANT 
Purdue University, Lafayette, Indiana 


(Received August 7, 1939) 


The diffraction of 15-20 kv protons by carbon tetrachloride vapor has been investigated 
with a low voltage arc source and electrostatic focusing with photographic registration. The 
principal difficulties encountered were with space charge dispersion of the beam near the ion 
source, and with neutralization of the beam as it passed through the vapor. The cross sections 
for neutralization and re-ionization of protons and hydrogen molecular ions in several gases 
and vapors were determined. The sensitivity of photographic film was found to diminish as 
the emulsion was outgassed but to increase fifteen-fold when it was treated with oil. When 
suitable precautions were taken to minimize the background scattering, diffraction patterns 
were obtained showing three maxima, the measurements of which are in satisfactory agreement 


with electron diffraction data. 





ORKERS in the field of molecular struc- 
ture determination by means of electron 
diffraction have long felt the need of some modifi- 
cation or extension of their methods which would 
permit investigation of molecules of low scat- 
tering power. Since the intensity of scattering of 
protons by an atom should be approximately 
2000-fold greater than that of electrons, it was 
thought worth while to investigate the diffraction 
of protons by vapor molecules in the hope that 
this higher scattering would make it possible to 
obtain usable patterns from light molecules. 
Experiments on the scattering and diffraction 
of both low and medium energy protons by 
crystals have been made,! but no information is 
available regarding diffraction by vapors. After 
some preliminary experiments with 2000-volt 
particles, the range of 15-20 kv was settled upon 
as a compromise between the difficulties en- 
countered at the lower voltage and the incon- 
veniently long camera which would be necessary 
at higher voltages. Throughout these experiments 
carbon tetrachloride vapor was used almost 
exclusively as diffraction material. 


APPARATUS 


The apparatus in its final form is shown 
schematically with approximate dimensions in 


*Contribution of the Gates and Crellin Chemical 
Laboratory, No. 716. 

+ National Research Fellow in Physics, 1936-1938. The 
work reported was done at California Institute of Tech- 
nology while on leave from Purdue University. 

1A. J. Dempster, Phys. Rev. 34, 1493 (1929) and 35, 
1405 (1930). Y. Sugiura, Inst. Phys. Chem. Research 310, 
16, 29 (1931). 
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Fig. 1. The stainless steel ion source, AS, is of 
the low voltage capillary arc type.? An arc of 0.5 
to 2.0 amp. in hydrogen is struck between the 
oxide-coated filament, OF, and the anode, A, 
through the 5-mm diameter capillary in the arc 
body, B. The arc is attached to, but insulated 
from, the first accelerating electrode by a textalite 
bolting flange, F, and a rubber gasket. This 
section is in turn insulated from the remainder of 
the apparatus by the glass tube, G. Ions from a 
0.375-mm opening, S;, in the center of the 
capillary are accelerated to approximately 4 kv in 
the region L, and to the final potential of 15-20 
kv in the space Le. These two cylindrically 
symmetric accelerating regions act as converging 
lenses, and, with suitable adjustment of the 
voltage, focus a nearly parallel beam of ions 
through the slit Ss. 

A magnetic field in the region H serves to 
resolve the beam into its ionic constituents 
(approximately 20 percent H,*, 50 percent He*, 
20 percent H;+, remainder heavy ions). By 
proper adjustment, any one of these beams may 
pass through the slit S; parallel to the camera 
tube axis. (.S; is supported on an insulated lead 
for rough current measurements.) The selected 
beam is focused onto the fluorescent screen, FS, 
through slit S, by the concentric cylinder lens 
(einzellinse) L3. The vapor stream is introduced 
at N through a nozzle of the usual type which is 
as completely surrounded as possible by a con- 
densing cylinder cooled by the liquid-air trap T. 


2M. A. Tuve, O. Dahl, and R. L. Hafstad, Phys. Rev. 
48, 242 (1935). 
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Fic. 1. Diffraction apparatus. AS, arc source; OF, oxide-coated filament; B, arc body; A, anode; Sj, Sz, S3, Ss, slits; 
L, In, Ls, electrostatic lenses; N, vapor nozzle; T, vapor condensing trap; FS, fluorescent screen; FH, film holder; P, 
plunger to seal film chamber from camera; HN, hand nut for control of P. 


The recording film is carried in the holder FH, 
which may be lowered over the camera end by 
the windlass W. In order that the film may be 
changed without breaking the vacuum, the 
plunger P, which carries a ring gasket on its face, 
may be pressed against the camera opening by 
the hand nut HN, thus sealing the film chamber 
from the camera. A vacuum seal for this plunger, 
having the necessary 8 mm of motion, is made by 
adisk of gasket rubber clamped tothe plunger at its 
center and to the chamber wall at its outer edge. 
The apparatus is evacuated at the positions 
shown by double stage oil diffusion pumps by 
using the continuous distillation principle of 
Hickman.* These are equipped with built-in 
traps and are backed by a common third diffusion 
stage and a Megavac. The source pump has a 
speed for hydrogen of 200 liters/sec., and main- 
tains a pressure of approximately 5 X 10-5 mm Hg 
with the arc running. The camera pump has a 
speed for air of 35 liters/sec. and maintains a 
pressure of 10-5 mm Hg as indicated by a 
Knudsen vacuum gauge.‘ (This figure includes 
3K. C. D. Hickman, J. Frank. Inst. 221, 215 (1936). 
‘A modification of the design of DuMond and Pickels, 


J. W. M. DuMond and W. M. Pickels, Jr., Rev. Sci. Inst. 
6, 362 (1935). 


condensable vapors; a McLeod gauge with trap 
indicates about one-fifth this pressure.) 


BEAM PRODUCTION 


In forming a small intense beam in television 
and oscillograph tubes,’ use is made of the fact 
that with a given arrangement of object, image, 
and lens, the magnification is much reduced 
when the object is a source of electrons of a 
velocity which is low compared with the final 
velocity. It was hoped that this could also be 
done in these experiments by focusing an image 
of the ion source, S;, on the film. This proved to 
be impossible. The image of S; (with S, removed) 
was always larger than electron optical calcula- 
tions would predict.5 The image size, moreover, 
increased regularly with the beam current in 
such a way that the current density in the image 
was practically constant at a value, under 
optimum conditions, of approximately 0.02u 
amp./mm?. It was possible, on the other hand, to 
focus a good image of S2, of about this same 
current density, which was only slightly de- 


5 See e.g. Maloff and Epstein Electron Optics in Television 
(McGraw-Hill, 1939), p. 98. 
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pendent upon total ion current.® This indicated 
that the difficulty was due to space charge effects 
in the low voltage region near the ion source. 

The dispersion of a beam of charged particles 
has been investigated by Watson.’ He has shown 
that an initially parallel beam of circular cross 
. section will expand at an increasing rate governed 
by a scale factor (7i)}(2mc/eg*)', where e, m, and 
yg are the charge, mass and volt energy, respec- 
tively, of the particles, and 7 is the current density 
before expansion. One obtains the maximum 
current density on a screen at a fixed distance 
from the origin when 7 is such that the expansion 
reaches 2.4 diameters. Because of their large 
mass this effect should be particularly important 
for ions. 

One might anticipate that this expansion could 


be nullified by the use of a converging lens, but. 


analysis indicates that this is not true. The 
theory of Watson has been extended® to the case 
in which a lens is introduced at the point of 
parallelism. This investigation shows that the 
action of the lens is not to focus the beam to a 
focal point, but merely to compress it to a new 
region of parallelism. Beyond this point the beam 
expands again at an increased rate corresponding 
to the increased current density associated with 
the compression. The amount of compression 
increases with the power of the lens, but the 
position of the minimum beam diameter is nearly 
independent of focal length.° 

Since the lens action of LZ and Ly is seriously 


TABLE I. Cross sections in units of 107 cm?. 




















17.7 kv 27.3 kv 
Protons In Q1 Qe Q1 Qz 
He 8.03 2.01 6.8 2.9 
Air 9.6 6.4 7.02 5.28 
CCl, 15.9 35 8.0 4.3 
C.H;,OH 17.6 5.6 11.1 4.4 
Molecular Ions in 
He 9.76 3.1 
Air 9.1 6.1 8.15 8.15 
CCl, 18.3 4.03 8.85 7.25 




















6 Cf. experience of J. Koch and W. Walcher (Zeits. f. 
Physik 97, 131 (1935)). 

7E. E. Watson, Phil. Mag. 3, 849 (1927). 

8 A detailed account of this treatment will be published 
in the near future. 

® Cf. similar results for a wide flat beam and cylindrical 
lens. A. Bouwers, Physica 2, 145 (1935). 
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modified by such effects, it is not surprising that a 
good image could not be formed with the low 
energy ions from S;. The only alternative was to 
form an image of S2 illuminated with high 
velocity ions. When the image was made suff- 
ciently small for diffraction purposes, the beam 
available was limited to about 0.0024 amp. 


NEUTRALIZATION 


When CCl, vapor was introduced at JN, in 
attempts to produce diffraction, it was found 
that the beam was very badly neutralized, rather 
than scattered. That some of the ions of a beam 
will be neutralized in passing through a gas is a 
well-known phenomenon.” The neutrals continue 
in a more or less well-defined beam and may 
subsequently be re-ionized; after traversing a 
sufficiently large distance, an equilibrium is 
established between ions and neutrals. 

With the notation pu; and pe for the coefficients 
of neutralization and re-ionization, respectively, 
and assuming a beam of unit number of charged 
particles per second traveling in the positive x 
direction, the relations describing these processes 
are :! 

Number of neutrals/sec. at distance x in gas at 
pressure p 





N(x) = [1 — e~ (ui tH2) ps. 


Mitwbe 


Total ions/sec. at distance x 





I(x) = [metre 1 tH2) pr, 


Mite 


Since there are few data available on neutral- 
ization in the voltage region of these experiments, 
and none for vapors, a series of measurements of 
N(x) and I(x) was made with beams of protons 
and molecular ions in He, Air, CCl4, and C.-H;0H 
in the following way. 

A long central section of the camera tube was 
insulated at both ends and a smaller tube 
attached at one end which extended into the 
nozzle chamber (with N and T removed) up toa 
short cylinder of the same diameter attached to 
S, With the surroundings of each end of the 
insulated section thus made symmetrical, and no 
axial electric fields present, it was assumed that 


10 See, e.g., E. Richardt, Ann. d. Physik 71, 377 (1923). 
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the current measured to the cylinder corresponded 
to the number of neutrals, N(x), formed in this 
section (no wide angle scattering) and that the 
current measured to the camera end corresponded 
to I(x). A magnetic field served to prevent escape 
of secondaries from the camera end to the 
insulated section. The field was far enough from 
the split in the two sections that it did not 
disturb the symmetry at this point. 

The expressions given above for N(x) and I(x) 
can be considered to be functions of p, so that by 
measurement of the two currents as functions of 
the gas pressure, values of the cross sections for 
neutralization and re-ionization Q; and Qn, re- 
spectively, could be obtained. The values found 
are listed in Table I. The Knudsen gauge used to 
measure the pressures was carefully calibrated 
for air and hydrogen against a McLeod gauge, 
and the scale linearity checked with an ionization 
gauge. As is well known, the calibration of such a 
gauge is independent of the kind of gas when the 
temperature of the heaters is constant. A 
thermocouple attached to one of the heaters 
permitted correction of the small change in 
temperature produced by the different gases. 

The results are in satisfactory agreement with 
the comparable published values, namely Q; and 
Q. for protons in air, oxygen, nitrogen and 
hydrogen."' The values of Q; agree with the 
theory of Brinkman and Kramers” only in order 
of magnitude, but the approximation of this 
theory is not expected to be good at the low 
velocities of these experiments. 

Determination of the ion scattering was at- 
tempted by measurement of the current re- 
maining in the beam at distance x. Examination 
of the processes concerned shows that the beam 
current involves the scattering coefficient only in 
an indirect way complicated by neutralization 
and re-ionization. The measurements were, there- 
fore, very unreliable. One may only say that they 
indicate a coherent scattering somewhat smaller 
than that calculated from the Rutherford formula 
(withasuitablecorrection for electronicscreening). 


RECORDING THE PATTERN 
The sensitivity of film (Eastman Commercial 


ME, Riichardt, Ann. d. Physik 71, 377 (1923); H. 
Bartels, zbid. 6,957 (1930) ;F. Goldmann, zbid. 10, 460 (1931). 

2H. C. Brinkman and H. A. Kramers, K. Akad. van 
Wetenschaffen Amsterdam 33, 973 (1930). 


TABLE II. Sensitivity of vacuum aged film in units of 
density/microcoulomb/cm?. 











Protons | Molecular ions 
15.2 kv 10.4 15.2 kv 11.0 
19.1 kv 14.0 27.2 kv 18.3 














Ortho) for protons and molecular ions was 
determined by using the end camera section as a 
Faraday cage. The escape of secondaries was 
prevented by a transverse magnetic field. By 
defocusing the beam, spots were obtained on the 
film which could easily be microphotometered. 
These were approximately 10 mm in diameter 
and of sensibly uniform density. 

It was found that the sensitivity rapidly 
diminished as the film was aged in the vacuum, 
probably due to loss of water.'* The sensitivity of 
fresh film was impossible to determine because of 
vacuum requirements, but may be estimated to 
be five to ten times that of outgassed film, for 
which typical results are given in Table II. 

These values are somewhat lower than might 
be expected by extrapolation of the data of 
Kollath'* for Schumann plates at lower volt- 
ages. Sensitization with oil increased the sensi- 
tivity remarkably. A fifteen-fold increase was 
found for 15.2 kv protons, i.e., from 10.4 to 
155/microcoulomb/cm*. 

Many attempts were made to record diffraction 
patterns from vapors of CCly, CsHe, C2H;OH, 
CS, and AsOx. From the point of view of ease of 
production of a good vapor stream, condensa- 
bility, and high scattering power, CCl, was found 
most satisfactory and was therefore used in most 
of the experiments. 

In addition to the obvious troubles occasioned 
by the stringent vacuum requirements and the 
weak beam available, great difficulty was experi- 
enced in reducing the general background to a 
workable value. Improper focusing of particles 
due to their passage through lenses as neutrals, 
scattering due to neutralization, stray scattering 
from slits, residual gas, and camera walls, 
multiple scattering, and the increased exposure 
necessitated by the neutralization, all contribute 
to produce a heavy background. 


13 Stefanie Zila, Akad. Wiss. Wien. Ber. 145, 503 (1936). 
4R. Kollath, Ann. d. Physik 26, 705 (1936). 
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Various precautions were taken to minimize 
these effects. Exposure time was reduced as 
much as possible by use of oiled film and the 
shortest permissible camera. The pressure of the 
vapor was adjusted to give optimum single 
scattering—about 50 percent neutralization. The 
ions were magnetically separated from the 
neutrals; this could not, however, remove those 
particles which were neutralized at an early, and 
re-ionized at a late stage of passage through the 
vapor stream. The direct ion beam and the 
resolved neutrals were screened from the film. 
And finally, the diffracted beam was deflected in 
such a way that the pattern was recorded on a 
region of the film which was shielded from the 
stray neutrals originating in the diffracting region 
(from slits and neutralization process) and from 
light entering the camera through S4. 

With these precautions a few recognizable 
patterns were obtained from CCl, with exposures 
of from 30 sec. to 2 minutes at a voltage of 17.7 
kv. One of these is shown in Fig. 2. On the 
original photographs three rings are visible, the 
measurement of which are shown in Table III. 
Because of the small pattern size the first two 
maxima are obscured: by the shield used to 
intercept the direct beam. 

The error indicated is based entirely on con- 
sistency of measurement and does not include 
‘any estimate of physiological error due to 
measurement on a steep background, etc. It is 
felt that such error, in measurement of patterns 
as small as this, may easily account for the 
discrepancy between the experimental and the 
accepted electron diffraction values of S;,, and 
that these results satisfactorily demonstrate the 
existence of diffraction of protons by CCl,. 


DISCUSSION 


While these experiments show that diffraction 


TABLE III. Comparison of values, S.=4x(sin gx/2)/d10-8. 
A: from original photograph, B: from 2.14 enlargement. 














Mean diam. in mm Observed S; Elec- 
tron 
Maximum diffrac- 
no. A+0.1 mm | B+0.05 mm | A+0.17 | B+0.08 |tion* S;, 
k=3 4.4 4.29 7.45 7.28 | 7.13 
k=4 5.6 5.42 9.49 9.20 | 9.23 
k=5 6.8 6.67 11.39 | 11.33 | 11.34 

















*L. Pauling and L. O. Brockway, J. Chem. Phys. 2, 867 (1934). 
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2.14-fold enlargement 


Natural size 


Fic. 2. Diffraction from CCl. V=17.7 kv. 4\=0.00214A. 
Camera length = 86.5 cm. (Printed from the original with 
a small light source very close to the negative to reduce 
the steepness of background. This produces a false halo 
in the outer portions of the reproduction.) 


can be observed, the required optimum conditions 
necessitated wide deviations from the original 
plan of obtaining usable patterns from light 
molecules. The weak beam and high neutraliza- 
tion made the use of a small pattern and a good 
scatterer mandatory. 

The principal intrinsic barrier to extension to 
lighter molecules is that the neutralization is of 
the same order of magnitude for light as for 
heavy molecules, whereas coherent scattering 
diminishes approximately as the square of atomic 
number. Considerable advantage in this regard 
may be gained by working at higher voltages, 
since coherent scattering intensity decreases 
inversely with voltage while neutralization should 
diminish somewhat more rapidly (between V~ 
and V~* according to the Brinkman and Kramers 
theory”). Decreased space charge effects and 
higher film sensitivity are also to be expected, so 
that, in spite of the more unwieldy camera that 
will be necessary, it is planned to extend the 
experiments to the 80-100 kv range.* Experi- 
ments to improve the beam intensity by mini- 
mizing the space charge repulsion until con- 
siderable acceleration has been accomplished are 
now in progress. 

My thanks are due Professor Linus Pauling 
and Dr. L. O. Brockway for suggesting the 
problem, their continued interest during its 
course, and the provision of facilities which made 


the experiments possible. 


* The apparatus described has very kindly been made 
available for continuation of the experiments at Purdue 
University. 
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The Diffraction of X-Rays by Liquid and Plastic Sulphur 


NEWELL S, GINGRICH 
University of Missouri, Columbia, Missouri 


(Received September 29, 1939) 


X-ray diffraction patterns of plastic sulphur at room temperature and of liquid sulphur at' 
several temperatures ranging from 124°C to 340°C have been obtained. The position of the 
main peak in terms of (sin @)/A is 0.140 at 124°C, 0.138 at 147°C, 0.138 at 151°C, 0.139 at 
157°C, 0.127 at 166°C, 0.127 at 175°C, 0.125 at 225°C, and 0.120 at 340°C. Atomic distribution 
curves have been obtained in the cases of plastic sulphur, and of liquid sulphur at 124°C, 166°C, 
175°C, 225°C, and 340°C. These curves all appear somewhat similar. The nearest neighbors are 
found at 2.08A for plastic sulphur, and at approximately 2.07A for liquid sulphur at all temper- 
atures. The number of nearest neighbors is 2.0 for plastic sulphur, and it is about 1.7 for 
liquid sulphur. The possibility of using the present information in explaining certain properties 


of sulphur is discussed. 





INTRODUCTION 


STUDY of the diffraction of x-rays by 
liquid sulphur at different temperatures is 

of particular interest because of the large change 
in the viscosity of liquid sulphur in the region 
just above 150°C and other properties such as 
specific gravity, surface tension, thermal ex- 
pansion and specific heat all show anomalies in 
this region.' In the present work, an effort has 
been made to determine what information x-ray 
diffraction methods can supply toward a more 
complete explanation of these anomalous effects. 
Previous work on the diffraction of x-rays by 
liquid sulphur includes the work of Blatchford,? 
Prins,’ Das‘and Das and Das Gupta.* Blatchford? 
reported having observed the diffraction pattern 
of liquid sulphur at temperatures of 130°C, 
155°C, 182°C, 221°C, 225°C and 260°C. Con- 
sidering only the main peak of the diffraction 
pattern, he calculated a quantity d, defined by 
the relation d= /(2 sin @), where \ is the wave- 
length of the x-rays and @ is half the total angle of 
diffraction. This distance, d, showed an increase 
at about 220°C, and a correlation of this abrupt 
change with physical properties was attempted, 
though 220°C is considerably higher than the 
usually accepted transition temperature range of 
roughly 160°C to 190°C. This value, d, varied 


1J. W. Mellor, A Comprehensive Treatise on Inorganic 
and Theoretical Chemistry (Longmans, Green and Co., 
1930), Vol. X, pp. 53-87. 

? A.H. Blatchford, Proc. Phys. Soc. London 45, 493 (1933). 

3 J. A. Prins, Trans. Faraday Soc. 33, 110 (1937). 

4S. R. Das, Ind. J. Phys. 12, 163 (1938). 

5S. R. Das and K. Das Gupta, Nature 143, 332 (1939). 
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from 3.68A at 130°C to 4.06A at 260°C. On the 
other hand, Prins* has reported finding no ap- 
preciable change in the value of d on raising the 
temperature from 140°C to 350°C. The value of d 
reported by him is 3.43A. Das and Das Gupta® 
summarize their results for liquid sulphur at 
128°C and for supercooled liquid sulphur at 
27°C. They conclude that their best value for d in 
the 128°C case is 3.76+0.02A and in the 27°C 
supercooled case it is 3.68+0.02A. The agreement 
between these reported values of d is not par- 
ticularly good. Furthermore, it seems that an 
undue amount of emphasis has been placed upon 
considerations involving only the position of the 
main peak, whereas features of other portions of 
the diffraction pattern have been wholly neg- 
lected. Hence, the present investigation has been 
undertaken in an attempt to obtain as complete a 
diffraction pattern of liquid sulphur as possible at 
several temperatures. 


EXPERIMENTAL 


The experimental apparatus was essentially 
the same as that used in the study of other liquid 
elements.* X-rays from a molybdenum target 
tube were monochromatized by reflection from a 
rocksalt crystal. A cylindrical thin-walled Pyrex 
tube was evacuated, nearly filled with sulphur 
and sealed off. The glass wall thickness was made 
small enough so that diffraction by the glass was 
negligible. The sample was placed at the center 


of a cylindrical camera of 8.85 cm radius and 


‘F. Trimble and N. S. Gingrich, Phys. Rev. 53, 278 
(1938). 
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Fic. 1. Intensity as a function of (sin @)/X in the x-ray 
diffraction patterns of plastic sulphur at room temperature 
and of liquid sulphur at 124°C, 166°C, 175°C, 225°C and 
340°C corrected for absorption, polarization and incoherent 
radiation. 


provision was made to prevent the direct x-ray 
beam from causing extraneous fogging of the 
film. Under various conditions of temperature, 
sample size and lining-up of the camera, ex- 
posures of from 40 hr. to 90 hr. were required for 
suitable diffraction patterns with the x-ray tube 
operated at about 30 kv and 15 ma. After 
development of the film under standard con- 
ditions, it was microphotometered in the usual 
manner, and the microphotometer record was 
converted to relative intensities. Runs of this 
sort were made at 124°C, 147°C, 151°C, 157°C, 
166°C, 175°C, 225°C, and 340°C, and the ones 
finally used for complete analysis were 124°C, 
166°C, 175°C, 225°C, and 340°C in addition to 
one run using plastic sulphur at room tempera- 
ture. In this work, the temperature was measured 
by means of a thermocouple placed near the 
region of the sample through which the x-rays 
passed. Since the thermocouple was not in 
contact with the liquid, it is possible that the 
actual temperature of the liquid was not quite the 
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same as the measured temperature. This was 
investigated by means of a mercury-in-glass 
thermometer which replaced the sulphur sample, 
and it appeared possible that the temperatures as 
here reported might be in error by as much as 5°, 
the reported values being lower than the actual 
values. The value of (sin @)/A for the main peak 
was determined from measurement of the dis- 
tance along the film between the main peak on 
each side of the direct beam. This distance was 
between 3 cm and 4 cm, and it is estimated that 
the error in this determination is no greater than 
one percent. Different exposures taken at the 
same temperature, and different microphotome- 
tering of the same film were consistent to less 
than one percent. Perhaps the greatest difficulty 
was encountered in obtaining completely con- 
sistent values for the intensity of the diffraction 
pattern at large angle. This difficulty is ac- 
centuated in the present case because of the 
diffuse character of the pattern at angles larger 
than that for the main peak. However, a fairly 
reliable intensity pattern at large angles was 
obtained by averaging that obtained on several 
films. 

Plastic sulphur was made by pouring molten 
sulphur at high temperature into cold water. 
From the long strings of sulphur so formed, 
suitable sections were cut into convenient lengths 
for mounting in the camera. Preliminary diffrac- 
tion patterns showed that frequently the plastic 
sulphur became appreciably crystalline within a 
few hours. Hence it was found necessary to renew 
the sample every two hours to insure against the 
possibility of having the sample become crystal- 
line in any appreciable amount. 


RESULTS 


Figure 1 shows the intensity curves for plastic 
sulphur at room temperature and for liquid 
sulphur at 124°C, 166°C, 175°C, 225°C and 
340°C. They have been corrected for absorption, 
for polarization and for incoherent radiation. 
These corrections have been described elsewhere,’ 
and they affect chiefly the intensity at large angle 
in relation to that at small angle. The positions of 
the main peaks were not altered appreciably by 
these corrections. For comparison, the curves are 


7B. E. Warren and N. S. Gingrich, Phys. Rev. 46, 368 
(1934). 
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plotted so that the main peaks all have the same 
maximum value. The intensity curve for plastic 
sulphur is typical of that for an amorphous 
substance, and it shows three peaks, each of 
which can be seen on the original film. The 
intensity curves for liquid sulphur show a main 
peak with two plateaus, all of which can be seen 
on the films, except that at the higher tempera- 
tures, some features of the pattern are not easily 
distinguished. In addition to the obvious washing 
out of the pattern, there is a shift in the position 
of the main peak as the temperature of the liquid 
is raised. The main peak for plastic sulphur at 
room temperature occurs at (sin 9)/A=0.140, the 
same value, to within experimental error, as 
that for liquid sulphur at 124°C. From 124°C to 
157°C, a slight decrease in the value of (sin @)/X 
for the peak occurs, from 157°C to 166°C a large 
change takes place, and from 166°C to 340°C, a 
gradual decrease is noted. The values of sin 0/X 
for the main peak are as follows: 0.140 at 124°C, 
0.138 at 147°C, 0.138 at 151°C, 0.139 at 157°C, 
0.127 at 166°C, 0.127 at 175°C, 0.125 at 225°C, 
and 0.120 at 340°C. These results are shown in 
Fig. 2. They are not inconsistent with Blatchford’s 
conclusion that there is an abrupt change in 
(sin @)/X for the peak, but they indicate that this 
abrupt change occurs at a temperature between 
157°C and 166°C rather than at 225°C. It is 
difficult, however, to reconcile the present work 
with that of Prins,’ for in the range from 140°C to 
350°C we observe about 15 percent change in 
(sin @)/ for the main peak whereas he reports no 
appreciable change. Furthermore, the value of 
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Fic. 2. The position of the main peak of the diffraction 
patterns of liquid sulphur in terms of (sin @)/A as a func- 
tion of temperature of the liquid. 


ATOMIC DISTRIBUTIONS 
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Fic. 3. The atomic distributions in plastic and liquid 
sulphur at 124°C, 166°C, 175°C, 225°C, and 340°C. 
4xR*p(R) is plotted as a function of R and the origin of 
ordinates is indicated in each case. 


(sin @)/d for the main peak in his work is about 5 
percent greater than that obtained in the present 
work for 124°C, while the corresponding value 
given by Das and Das Gupta? for 128°C is about 
6 percent less than our value for 124°C. Because 
of this discrepancy, our films have been rechecked, 
and the values here reported are considered to be 
as reliable as can be obtained from them. 

From these intensity curves, it is possible to 
obtain the atomic distribution of sulphur at each 
temperature, and the manner of fitting the 
intensity curves preparatory to an analysis is 
given elsewhere.’ One obtains from this analysis, 
a curve of 47R*p(R) vs. R so that the area under 
this curve between two values of R is equal to the 
number of atoms in that region. These atomic 
distribution curves for the various cases are 
shown in Fig. 3. 

For plastic sulphur, the first concentration of 
atoms is at 2.08A, these nearest neighbors are 
discrete, and the area under this peak is 2.0, 
indicating that there are two nearest neighbors. 
This may be compared with the Pauling-Huggins 
covalent bond radius*® of 1.04A and with the 


5 L. Pauling and M. Huggins, Zeits. f. Krist. 87, 205 (1934). 
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structure of rhombic sulphur? in which each atom 
has two nearest neighbors at 2.12A. In rhombic 
sulphur, the closest distance of approach of atoms 
in neighboring molecules is about 3.3A, and at 
approximately this same distance there is a 
concentration of atoms in the plastic sulphur 
atomic distribution. The existence of these two 
distances in both forms of sulphur does not 
necessarily mean that if the molecule of the 
crystal has eight atoms in a closed ring, the 
plastic form also has eight atoms in a closed 
ring, or indeed that there are true molecules of 
any sort in plastic sulphur. It is possible that 
sulphur in this form may consist of long chains of 
atoms in which each atom is bonded to two 
nearest neighbors in much the same way as they 
are in a closed ring and that the second concen- 
tration in the atomic distribution curve is due to 
the next nearest neighbors in the same chain. 
Simard and Warren” have supplied direct evi- 
dence for the chain molecule structure of 
unstretched rubber and from the similarities 
between the elastic properties of rubber and of 
plastic sulphur, it appears likely that plastic 
sulphur also has a chain structure. However, the 
information supplied by x-ray diffraction alone is 
apparently not sufficient to distinguish between 
closed rings of sulphur atoms and long coiled 
chains of sulphur atoms in plastic sulphur. 

The atomic distribution curves for liquid 
sulphur, shown in Fig. 3, are not alike for all 
temperatures, but they have certain marked 
similarities. The first peak occurs at nearly the 
same value of R for all temperatures. This value 
of R varies from 2.05A to 2.08A with an average 
of about 2.07A, and the variations are estimated 
to be within the experimental error. Hence, it is 
concluded that there is no measurable alteration 
of the first interatomic distance in liquid sulphur 
with temperature in the temperature range here 
used. The first peak in the distribution curves is 
discrete in the cases of 124°C, 166°C, and 175°C, 
but not in the cases of 225°C or 340°C, and the 
first peak is broader for the liquid at any temper- 
ature than for plastic sulphur. The areas under 
the first peak are between 1.65 and 1.70 for all 
temperatures, and it is estimated that there is no 

9B. E. Warren and J. T. Burwell, J. Chem. Phys. 3, 6 
(1935). 


10G. L. Simard and B, E. Warren, J. Am. Chem. Soc. 
58, 507 (1936). 
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significance in these differences. The fact that the 
distribution curves give approximately two 
nearest neighbors at the covalent bond distance 
of 2.08A shows that liquid sulphur is not a close- 
packed liquid such as sodium or mercury, in 
which there are roughly eight nearest neighbors, 
but that it is a liquid in which most of the atoms 
still have two permanent neighbors which are 
covalently bonded at the same distance as in the 
Ss molecule. If liquid sulphur is composed of 
either closed rings or long coiled chains, each 
atom should have two nearest neighbors, that is, 
the area under this peak should be 2.0 as it is for 
plastic sulphur. In the case of each temperature, 
two or more complete analyses were made with 
different intensity curve fittings, and in all cases, 
the areas under the first peak were approximately 
the same as here reported. This tends to indicate 
that the difference between 2.0 and 1.7 in the 
expected and observed areas is significant. If, on 
the average, about 30 percent of the atoms have 
one nearest neighbor, an area of about 1.7 would 
be anticipated. Physical properties of liquid 
sulphur seem to preclude the possibility of having 
an appreciable amount of S: at the temperatures 
here used, and hence, the contribution of atoms 
with one nearest neighbor from S, would be 
wholly negligible. However, if one postulates 
that the S, ring breaks into an Ss chain upon 
melting, then in each chain there will be six 
atoms with two nearest neighbors, and two atoms 
with one nearest neighbor. This postulate supplies 
roughly the right percentage of atoms with one 
nearest neighbor, and it is suggestive of the mode 
of polymerization which sets in at about 160°C. 
Chemical evidence suggests that above 160°C, 
the molecule is Sy, to Sis or greater. This is 
probably due to the joining of disrupted rings to 
form irregular chains which tangle with one 
another to produce the highly viscous form of 
sulphur above 160°C. 

_ It is a pleasure to acknowledge that this work 
has been supported by grants from the Rumford 
Fund Committee of the American Academy of 
Arts and Science, the American Association for 
the Advancement of Science, and the University 
of Missouri Research Council. Most of the 
experimental results herein reported were ob- 
tained through the able assistance of Mr. Albert 
Eisenstein. 
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Note on the Continuous Absorptions of N.O 


H. SPONER AND L. G. BONNER 
Physics Department, Duke University, Durham, North Carolina 


(Received October 10, 1939) 


The absorption of NO in the long wave-length region of the near ultraviolet has been re- 
investigated with an absorption tube 105 feet in length. The well-known absorption in this 
region has been extended and its resolution into several components is discussed. A few re- 
marks are added about other continuous absorption regions in connection with different 


dissociation reactions of N.O. 





HE ultraviolet absorption of N2O has been 

studied by many investigators. Continuous 
spectra have been found in the near ultraviolet 
and in the Schumann region! and several dis- 
crete spectra in the Schumann ultraviolet.* The 
absorption in the near ultraviolet is much weaker 
than that at shorter wave-lengths. Several at- 
tempts have been made to correlate long wave 
limits of the near ultraviolet absorption with 
dissociation processes of the N2O molecule,!: *: 4 
but it has also been pointed out®: 7 how fortuitous 
were most of the agreements obtained. It is, 
however, theoretically clear that normal NO 
would not separate adiabatically into normal 
products,® since its normal state is a 'Y. The po- 
tential curves of the triplet states leading to 
normal dissociation products must therefore 
cross that of the ground state and absorption to 
these states should be extremely weak. It seems 
that none of the observed absorptions can be 
correlated with these transitions. We concluded 
that only with very long absorption paths was 
there a chance for their detection. Since such an 
apparatus is available here we have investigated 
once more the absorption of N2O on the long 
wave-length side of the near ultraviolet region. 


APPARATUS 


The absorption tube used in these experiments 
consisted of a stainless steel pipeline 105 feet 


1A. K. Dutta, Proc. Roy. Soc. London A138, 84 (1932). 
(1932) R. Wulf and E. H. Melvin, Phys. Rev. 39, 180 

°L. Henry, Nature 134, 498 (1934). 

*P. K. Sen-Gupta, Nature 136, 513 (1935). 

°S. Leifson, Astrophys. J. 63, 73 (1926). 

* A. B. F. Duncan, J. Chem. Phys. 4, 638 (1936). 

7W. A. Noyes, Jr., J. Chem. Phys. 5, 807 (1937). 

®H. Pelzer and E. Wigner, Zeits. f. physik. Chemie 
B15, 445 (1932); G. Herzberg, Zeits. f. physik. Chemie 
B17, 68 (1932). 
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long and 13 inches in diameter inside. The walls 
were § inch thick and the interior of the pipe had 
a mirror polish. The tube was in five sections of 
21 feet each and was held together by means of 
flat brass flanges soldered to the ends of each 
section and bolted together. Gum rubber gaskets 
between the flanges served to make the joints 
pressure and vacuum tight. A short brass piece 
inserted between the second and third stainless 
steel sections carried the pumping lead as well 
as leads for the manometer and the gas handling 
system. The tube was evacuated by means of a 
Cenco Hypervac, separated from the system by 
an ordinary steam valve of the ball type in which 
the customary composition valve facing had been 
replaced by gum rubber. The valve stem and 
packing gland were, of course, on the pump side 
of the gate. The entire tube was supported at a 
convenient distance above the floor at eleven 
points by means of adjustable brackets attached 
to rigid uprights and was optically in line. 

Windows at the ends of the tube were, for the 
present work, of fused quartz. For work at 
pressures below one atmosphere the windows can 
be simply sealed to brass plates, over holes 
slightly smaller than the windows, by means of 
wax, and the plates bolted to the end flanges of 
the tube. Since, in this work, we contemplated 
using pressures considerably above atmospheric 
it was deemed necessary to supplement the above 
seal with a second similar brass plate outside the 
window and separated from it by a rubber 
gasket. The bolts holding the window assemblage 
to the tube passed through both plates. 

In concluding the description of the absorption 
tube it may be of interest to comment on its 
vacuum tightness. Using the Hypervac alone we 
have been able to attain pressures of 10-* mm 
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Fic. 1. Microphotometer tracings of absorption of N.O taken through 33 m path at pressures of 
(A) vacuum; (B) 13 atmos.; (C) 5 atmos. 


of Hg, and with the pump valve closed, to main- 
tain“a pressure of 10-? mm for a period of two 
weeks. 

As light source for the ultraviolet we used a 
small sealed hydrogen discharge lamp* made 
entirely of Pyrex, with a bubble window. The 
lamp: operated at 35 ma and emitted a satis- 
factory continuum down to 2400A. 

All the photographs were made with a Hilger 
E3 instrument. 


PROCEDURE 


The N:O used in these experiments was a 
commercial product supplied in a steel cylinder 
and used without further purification. The sub- 
ject of possible impurities is taken up in a later 
section. For use the absorption tube was evacu- 
ated, the pump valve closed, and NO passed in 
from the cylinder until the desired pressure, as 
indicated on a pressure gauge, had been reached. 
Photographs were taken with the tube evacuated, 
filled to 13 and also to 5 atmosphere pressure of 
N.O. Microphotometer tracings of the plates 
were obtained with a Kipp and Zonen micro- 
photometer. 


RESULTS 
Spectrograms taken through the tube with 
pressures up to 5 atmospheres yielded no absorp- 


*We are indebted to Dr. D. G. Sharp of the Duke 
Hospital for the loan of the discharge lamp. 


tion in the visible region. We then carefully 
examined the wave-length region from 3000- 
2400A which contains the well-known near ultra- 
violet continuum. Dutta places its long wave 
limit at 2750A when light was transmitted 
through 1 m of N2O at atmospheric pressure. We 
have found that the beginning of this absorption 
is shifted with increasing pressures. But this 
shift is apparently not merely an extension of the 
known absorption as can be seen from the curves 
A, B and C of Fig. 1, which represents micro- 
photometer tracings of the absorption spectrum 
for the empty tube, at 13 and at 5 atmospheres. 
They indicate the development of an extremely 
weak absorption on the long wave side of the 
known absorption. The maximum of this absorp- 
tion can be roughly placed at about 2900A and 
the rise of the next absorption at about 2820A. 
There is perhaps also a slight indication that the 
rise of this next absorption is not uniform but has 
a slight break and increases from about 2600A 
more steeply than before. We have, of course, 
considered the question of possible impurities 
which could be responsible for the new weak 
absorption. As mentioned we have used com- 
mercial tank nitrous oxide which has been pre- 
pared from NH,NO3.* We have looked for NOs, 
NO, Ne, O2 and NH3as impurities whose spectra 


* Communication from the Matheson Co.; the purity 


is claimed to be 98 percent, the balance being nitrogen. 
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are known. We have not been able to detect any 
of their characteristic absorptions. Hence it is 
very suggestive to interpret the newly observed 
weak absorption as being due to N,O. 


DISCUSSION OF THE RESULTS 


Now if this absorption arises from NO as it 
seems to do, then it can be due only to the for- 
bidden intercombination leading to N.!=+O%P. 
Of the two states possible (see Table I) the *II 
is more likely since the other would be a *=- and 
hence two selection rules would be violated. The 
repulsive curve of this triplet state must be very 
steep because the maximum of this absorption 
occurs at about 2900A while the underlying dis- 
sociation process becomes theoretically possible 
at 7200A. This value for the maximum is in rea- 
sonable agreement with the partial curve drawn 
by Stearn and Eyring® for the repulsive state. If 
the region from 2820 to 2600A should contain a 
separate electronic state it might be the repulsive 
level *II dissociating into NO?II+N‘S. The ab- 
sorption increasing appreciably from 2600A has 
been investigated in detail before. According to 
Dutta’s observation it is still increasing at 2100A 
with no indication of a maximum. Now Sen- 


Gupta” reports another absorption at shorter 


1988) E. Stearn and H. Eyring, J. Chem. Phys. 3, 778 
0 P, K, Sen-Gupta, Bull. Acad. Sci. Allahabad 3, 197 
(1934). 


wave-lengths with a long wave limit at 1850A, 
but Duncan® finds that at 7 mm pressure and 
2 m path this absorption extends from 1768 to 
2068A with a center at 1900A. Possibly at higher 
pressures Dutta’s and Sen-Gupta’s absorptions 
merge into one large continuum. It is almost 
certain that the long wave part of this absorption 
is mainly due to a dissociation into N2'2+0O 'D, 
the state probably being a ‘II which, in analogy 
to COs, would be the lowest of the three possible 
singlet states!" (cf. Table I). The absorption in 
the short wave-length region with a center at 
1900A may contain one of these other singlet 
states, but it may also include the '2 resulting 
from N2'2+0O'1S and one or more singlet states 
leading to NO *II+N 2D. It is impossible to make 
any decision from the continuous spectra alone. 
But it is interesting to note in these connections 
that Noyes and collaborators” came to the con- 
clusion that with excitation by aluminum spark 
lines of wave-lengths greater than 1850A (in 
most runs lines between 1860 and 1990A were 
used) both primary dissociation processes must 
occur : 


N.O+hv-N2 +O and N.O+hv—-NO+ N. 


The NO must then originate either by process 3 


1R,S. Mulliken, J. Chem. Phys. 3, 721 (1935). 

2 W. A. Noyes, Jr., J. Chem. Phys. 5, 807 (1937); 
F. C. Henriques, Jr., A. B. F. Duncan and W. A. Noyes, 
Jr., J. Chem. Phys. 6, 518 (1938). 


TABLE I. Dissociation processes of N2O 




















OBSERVED ABSORPTIONS 
MAXIMUM LonG WAVE Limit 
ENERGY 
REQUIRED 
No. DISSOCIATION PRODUCTS AND POSSIBLE ELECTRONIC STATEST (VoLTs) (VoLTs) (A) (VoLTs) (A) 
1 N2'2 +0%P —%2, 31 1.71 4.26 2900 4.0 30652 
2 N2!t +0'D —'2, 10, 1A 3.68 
3 NO 20 +N 4S <— Il 3.77 24.5 2730 24.4 28202 
4 Nott +O0!1S —'!2 5.90 6.45 1900 4.7 2600° 
3 NO 21 +N 2D — 2 1:35, 2 1,3]7, 1.34 6.15 
6 NO 20 +N 2P <— 21385, 1,3]7, 1.34 7.31 9.6 1280 9.1 1350¢ 
7 N2*> +0 3P —1,39, 1,31] 7.84 
8 No +O %P 21:85, 1,377, 184 9.0 11.2 1090 10.8 1130¢ 
9 NO?2Z +N ‘4S <3 9.2 
10 NO 211*+N 4S <— II 9.4 
11 NO2S +N 2D <—1,38y, 1.37], 1,34 11.6 
12 NO 211*+ N 2D — 21:35, 21-3]7, 1:34 11.8 


























t Only singlet and triplet states are given. @ states are completely omitted. It is evident that not all states correspond to repulsive curves. 


“ At 33 m path and 5 atmos. pressure. 


> Limit for about 1 m path and 1 atmos. pressure. At 0.7 mm and 2 m path absorption from 1770—2070A. 


¢ At 2 m path and 0.19 mm pressure. 
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or process 5 in Tabie I. Process 5 is possible theo- 
retically only below 2007A and process 3 must 
occur with a low rate since it results from an 
intercombination. The latter is quite likely re- 
sponsible for Wulf and Melvin’s? observation 
that the y-bands of NO occur in absorption upon 
illumination of N2O with wave-lengths up to 
2300. However, they do not give the short wave- 
length limit of their observations. We suppose 
that the appearance of the bands required long 
exposure times. There is a possibility of forma- 
tion of NO molecules in secondary reactions after 
primary process 2 and perhaps 4, but it would 
occur at a low rate according to Henriques, 
Duncan and Noyes.” 

It is still more difficult to correlate definite 
dissociation processes with the higher continuous 
regions since the number of possibilities becomes 
too large. The two continua which Duncan® re- 
ports with centers at 77,900 cm— (9.6 volts) and 
91,200 cm (11.2 volts) may include higher re- 
pulsive states of processes 2—5 and lower repulsive 
states from 6-10. Sen-Gupta has observed the 
NO £-bands" in fluorescence when exciting N2O 
vapor with light of a hydrogen discharge lamp 
with fluorite windows (radiation from 1250A up). 
This would correspond to Duncan’s continuum 
with center at 77,900 cm— and also to the short 
wave-length part of the near ultraviolet absorp- 
tion. Sen-Gupta concluded that excited NO was 
produced in the primary process. If this were 
correct it would happen as a result of process 10 
in Table I. Now this possibility is apparently 
ruled out from intensity considerations because 
the observed absorption seems much too strong 
for an intercombination. On the other hand, 
because of stronger spin orbit interaction and the 
possible neighborhood of other suitable allowed 
transitions, the selection rules are likely to break 
down more easily for higher excited terms, so 
that the intercombination may occur with some 
probability and may form part of the continuum 
with center at 1280A. The other explanation for 
the occurrence of the 6-bands would be that NO 
was formed in its normal state according to 5 
and 6 in Table I and that the bands were 
emitted after absorption of light of the discharge 


13 P, K. Sen-Gupta, Proc. Roy. Soc. London A146, 824 
(1934). The y-bands were not observed because of the 
use of glass%optics. 
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by normal NO molecules. Sen-Gupta was in 
favor of a primary photochemical formation of 
excited NO because he did not observe the 
B-bands when the fluorite windows were replaced 
by quartz windows. But this is not necessarily 
an argument because with the quartz windows 
all three processes 10, 5 and 6 become impossible 
and most NO molecules will originate from 
process 3 and some in secondary reactions after 2 
and 4. At the present moment one cannot decide 
definitely between the two possible interpreta- 
tions although the dissociation from a triplet 
state seems a little more plausible. It is also quite 
possible that both processes occur simultaneously. 

A few words should be added about the relative 
intensities of the different continua. Using Dun- 
can’s figure of the lowest pressure at which the 
different absorptions appear we find a factor 
10,000 for the intensity ratio (not taking into 
account differences in the sensitivity of the plates 
used) of his near ultraviolet absorption with 
center at 1900A (7 mm at 2 m path) and our new 
weak absorption at 5 atmos. and 33 m. This is 
probably an upper limit. The ratio seems not 
implausible for 'S—>'II and 'Z—*II transitions, if 
for simplicity, we represent the former absorption 
by one 'II state. Now it is interesting to find that 
the intensity ratio of the absorption at 1900A 
and the next absorption with center at 1283A is 
according to Duncan 1/3000, that is, the latter 
absorption is 310* stronger than the first one. 
This ratio can be understood when we remember 
from Mulliken’s investigation" that the analo- 
gous transition in CO: is 'Z,+—>'II, and hence is 
forbidden. 

Although the new weak absorption seems to 
fit in the level scheme of N2O rather satisfactorily 
there is, however, a difficulty arising from the 
fact that the absorption region seems so limited. 
Because of the steepness of the upper potential 
curve one should expect an extended region of 
absorption. The only possibility we can think of 
is that the repulsive *II state is disturbed by the 
3]I state resulting from 3, so that the potential 
curve of the former becomes much flatter for 
nuclear distances above the minimum of the 
ground state. Another remote possibility is that 
the new weak absorption leads to the 'A from 
process 2, which in this case would have an 
almost horizontal course in this spectral region. 
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The probability of an impurity is not likely, as 
has been mentioned earlier, but cannot be ex- 
cluded with definite certainty. 

In conclusion, we wish to thank Mr. H. B. 
Scarborough for his assistance in setting up the 
long absorption tiibe and in taking the pictures 


and Dr. J. S. Kirby-Smith for making several of 
the microphotometer tracings. We are deeply 
indebted to the Penrose Fund of the American 
Philosophical Society and to the National Re- 
search Council for grants-in-aid which made this 
research possible. 
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Diacetyl, in the vapor phase or in water solution, 
exhibits a bright green fluorescence when excited with light 
within its absorption band in the violet and near ultra- 
violet. A detailed measurement of the structure shows that 
the spectrum is the same as is shown in the fluorescence of 
acetone vapor when excited with 43130. The fluorescence 
spectrum is insensitive to changes in diacetyl pressure 
(0.1 mm to 50 mm), temperature (10°C to 100°C), exciting 
wave-length (3650A to 4358A) or amount of added oxygen, 
which quenches the fluorescence strongly. The intensity of 
fluorescence, measured with photo-cell and amplifier, is 
constant in time, with weak excitation. The ratio of in- 
tensity of fluorescence to light absorbed is independent of 
the pressure and the intensity of the fluorescence is linearly 
proportional to the exciting intensity, at constant pressure. 
The fluorescence is quenched by oxygen, the intensity 
falling to one-half at 0.013 mm oxygen. The Stern-Volmer 
law is followed over a range of oxygen pressures in which 
the fluorescence drops to 20 percent of the intensity without 


INTRODUCTION 


HEN diacetyl in water solution (about 
1:50) is radiated with violet or near 
ultraviolet light it shows a vivid green fluores- 
cence. The most striking thing about the fluo- 
rescence is that it does not appear immediately 
upon radiation. If a carbon arc is focused in the 
solution through a violet filter a weak fluores- 
cence occurs, but after a minute or so the bright- 
ness suddenly begins to increase rapidly toward 
a saturation value which persists. The rise in 
brightness occurs first in the region where the 


* Now at Albion College, Albion, Michigan. 
oad at Naval Research Laboratory, Washington, 


oxygen; at higher pressures the intensity falls more rapidly 
than expected..The oxygen is consumed, presumably in the 
quenching process, and the fluorescence returns to full 
intensity. From the quenching curve and from an experi- 
ment on the diffusion of the excited molecules into shadow 
the lifetime of the fluorescing molecule is estimated to be 
about 10-5 sec. 

These results can be understood on the assumption that 
the diacetyl molecule emits the fluorescence after excitation 
and redistribution (spontaneous and through collisions) of 
the vibrational energy. In the case of acetone the fluores- 
cence builds up gradually from practically zero intensity, _ 
as expected if diacetyl is accumulating; it is excited, not 
by light, but probably by collisions with excited acetone 
or with combining radicals. The diffusion experiments can 
scarcely be reconciled with the assumption that the ob- 
served. emission in pure diacetyl is a recombination 
spectrum. 


light is most intense and then spreads through 
the whole region illuminated. 

This effect was first noticed by Kalle.! His 
note was called to my attention by Professor 
Franck who suggested that the delay in the ap- 
pearance of intense fluorescence might be due to 
quenching by dissolved oxygen which was in 
time consumed under the action of light. This 
was easily shown to be the correct explanation. 
For if the diacetyl solution is outgassed the 
fluorescence appears with its final intensity im- 
mediately upon radiation. If air or oxygen is 
bubbled through the solution the delay in fluo- 
rescence again occurs. It does not occur if carbon 


1 Kalle, Naturwiss. 25, 61 (1937). 
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Fic. 1. Photograph of fluorescence of diacetyl, excited 
(a) mainly by 44047, (b) by 44358. 


dioxide or nitrogen is introduced. Tank nitrogen 
contains enough oxygen to delay the fluorescence 
a short time, but nitrogen prepared by heating 
sodium azide will not quench the fluorescence. 
It was next found that diacetyl vapor fluo- 
resces with the same spectral distribution as the 
solution. This fluorescence, again, is strongly 
quenched by oxygen. The green fluorescence 
which appears when acetone is radiated with 
3130 is also known to be quenched strongly by 
oxygen. Upon examination it was found that the 
fluorescence spectrum emitted when acetone is 
radiated with \3130 is identical with that appear- 
ing when diacetyl is radiated with violet light, 
say 44358, even to the detail in the fine structure. 
This similarity has also been noted by Matheson 
and Noyes.? It seemed of interest to study the 
properties of diacetyl fluorescence in order to 
shed light on the questions of what elementary 
processes occur when this molecule is radiated, 
what molecule emits the fluorescence and what 
is the mechanism of the quenching by oxygen. 
These experiments are the principal subject of 
this paper. Some study of the absorption of 
diacetyl vapor while being radiated has also been 
made with surprising results which will be briefly 


described. 


ABSORPTION OF DIACETYL 


The absorption spectrum of diacetyl vapor 
consists of ultraviolet systems near 2800A and 
1950A and a system in the violet and near ultra- 


2 Matheson and Noyes, J. Am. Chem. Soc. 60, 1857 
(1938). See also reference 6. 
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violet. In the latter the maximum absorption 
occurs near \4150. To longer wave-lengths bands 
with fairly definite edges appear and the system 
ends rather abruptly near 4600. To shorter 
wave-lengths a continuum extends growing 
gradually weaker so that thé vapor is nearly 
transparent below 3600 or 43500. 

Light’ has studied the spectrum of diacetyl and 
has arranged the sharper edged bands into several 
groups. Twenty-two of thirty-four observed 
edges fit an empirical equation with coefficients 
indicating vibrational intervals of 1100, 650, and 
84 cm. The last two intervals stand out con- 
spicuously upon inspection of an absorption 
plate. 


SPECTRUM OF FLUORESCENCE RELATION TO 
FLUORESCENCE OF ACETONE 


Filtered mercury arc radiation provided the 
excitation of the fluorescence, either from a small 
110-volt d.c. quartz arc or from a pair of glass 
a.c. arcs 150 cm long. The latter arcs were ar- 
ranged with elliptical mirrors to focus the light 
in a tube 150 cm long by 3 cm diameter. The 
tube was surrounded by a jacket closed at the 


TABLE I. Details of fluorescence spectra of radiated acetone 
and diacetyl. 








DIACETYL ACETONE 


CENTER OF BROAD MAXIMA 














WAVE- WAVE-LENGTH 
LENGTH INTENSITY (NorRIsH) 
5125 strong 5117 
5610 medium 5572 
6135 weak 6095 

FINE STRUCTURE MAXIMA 

v(CM™! IN VAC.) (PADMANABHAN) 
5014 19939 
5027 19887 
5041 19832 
5060 19757 5058 
5071 19715 5070 
5083 19668 5081 
5099 19606 
$112 19556 
5140? 
5152 (broad max. near 

5170 19337 5171 center of band) 
5187 19274 5186 
5201 19222 
5221 19148 
5550 18013 5548 
5568 17955 5570 
5590 17884 5594 








3 Light, Zeits. f. physik. Chemie 122, 447 (1926). 
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ends and held on the fluorescence tube by rubber 
ring stoppers. Through the jacket water or a 
filtering solution could be circulated to control 
the temperature and the exciting wave-length. 
With water in the jacket and diacetyl in the tube 
at 20 mm pressure, a good exposure of the green 
fluorescence was obtained in two seconds with a 
Steinheil spectrograph with 3 glass prisms and 
f:3.5 camera. This arrangement was particu- 
larly useful in studying the absorption of diacetyl 
vapor while it was being radiated. For this ex- 
periment a tube with plane Pyrex windows fused 
to each end was used. For exciting with \4358 a 
mixture of cuprammonium and sodium nitrite 
solutions was circulated through the jacket and 
copper cooling coils. 

The fluorescence consists mainly of three broad 
bands with maxima of intensity at \A5125, 5610, 
6135. On these is superimposed some finer struc- 
ture. There is also a weak fluorescence extending 
from the intense fluorescence toward the region 
of diacetyl absorption. A reproduction of the 
spectrum is shown in Fig. 1. 

The fluorescence spectrum is identical with 
that obtained when acetone is radiated with 
filtered 43130. This was ascertained by photo- 
graphing the latter and visually comparing the 
details of the two spectra. The positions of the 
finer structure and the general intensity distribu- 
tion are identical to eye observation. In Table 
I our measurements of the principal and the 
finer structure maxima of diacetyl fluorescence 
are listed and in a parallel column the maxima 
of acetone fluorescence reported by Norrish, 
Crone and Saltmarsh,‘ and by Padmanabhan.® 
The identity is clear ; every maximum noted with 
acetone appears with diacetyl. Fainter maxima 
which appear only in the diacetyl column are 
simply continuations of the structure. Recent 
work by Matheson and Zabor® shows the simi- 
larity of the fluorescence of acetone, diacetyl and 
other carbonyl compounds. 

It should be emphasized that identical fluo- 
rescence is obtained when diacetyl is excited with 
44358, which does not excite acetone, and when 
acetone is excited with 3130, which does not 





aos Crone and Saltmarsh, J. Chem. Soc. 1456 
' Padmanabhan, Proc. Ind. Acad. Sci. A5, 594 (1937). 
* Matheson and Zabor, J. Chem. Phys. 7, 536 (1939). 
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Fic. 2. Experimental arrangement for measurements of 
intensity. A and B are photo-cells. 


excite diacetyl. There is, however, an important 
difference between the intensities in the two 
cases. When diacetyl is radiated with weak or 
strong light (A4358) the fluorescence appears im- 
mediately with an intensity which remains con- 
stant (or falls slowly as diacetyl is decomposed). 
With acetone the fluorescence rises gradually 
from almost zero intensity. In weak light the 
intensity will increase for hours.’ These facts can 
readily be understood if we assume that the 
fluorescing molecule is diacetyl. It is known® that 
diacetyl if formed in acetone radiated with \3130, 
at temperatures less than 60°C. Thus it may be 
expected that the fluorescence increases in in- 
tensity as the amount of diacetyl grows. 

The question arises then as to how the diacetyl 
in acetone is excited when radiated with \3130 
which will not excite appreciable fluorescence in 
pure diacetyl. It may happen either by a collision 
of the second kind, diacetyl against excited ace- 
tone or as a result of a three-body collision be- 
tween diacetyl and two combining radicals, in 
which the energy released in recombination ex- 
cites the diacetyl molecule. 

The absorption spectrum of diacetyl and the 
fluorescence spectrum have no obvious relation 
to one another. They are rather definitely sepa- 
rated and the regularities in the vibrational 
intervals are apparently unrelated in the two 
spectra. These facts at first sight speak against 
diacetyl as the fluorescing molecule. In a molecule 
with many degrees of freedom, however, it is 
possible that even in the absence of collisions, 


7 Experiments by Mr. Scott Anderson, now in progress, 
show that this is definitely not the effect of quenching by 
oxygen. This is shown by condensing acetone in the fluores- 
cence tube. As long as the acetone is rapidly being pumped 
off the fluorescence is blue and the green fluorescence is 
practically absent. When the flow is stopped the green 
fluorescence rises in intensity. Matheson and Noyes (refer- 
ence 2) also find that the acetone fluorescence is not 
constant in time and depends upon the past history of the 


—: 
§ Barak and Style, Nature 135, 307 (1935); Spence and 
Wild, J. Chem. Soc. 352 (1937). 








40 ALMY, FULLER AND KINZER 


PRESSURE OF DIACETYL 
10 20 30 40 50 
T | i q 











l I 





Fic. 3. Data of several runs for determining absorption 
coefficient of diacetyl for mercury arc lines near 4358. 
Pressure in mm mercury. 


the vibrational energy, introduced into the mole- 
cule on excitation on account of the Franck- 
Condon principle, is quickly distributed through 
the molecule and that the more probable dis- 
tributions of vibrational energy in the excited 
state do not include that attained on original 
excitation. That is to say, the excited molecule 
will return infrequently to the configuration 
from which emission which is the reverse of the 
strong absorption could occur. Thus the strong 
emission may be shifted markedly from the 
strong absorption and the vibrational structure 
may be quite different. 

The distribution of light in the spectrum is 
insensitive as judged by eye estimate of photo- 
graphs to any changes of condition which we 
have made. The temperature has been varied 
from 10° to 100°C, the wave-length of the ex- 
citing light has been varied by using the groups 
of Hg lines near 3650A, 4047A and 4358A, and 
the pressure of diacetyl has been varied from 60 
mm Hg to 0.1 mm Hg without affecting the 
general appearance or the fine detail of the 
spectrum. Even at 0.1 mm, however, the number 
of collisions per lifetime is of the order of ten 
(assuming a collision diameter of 3 10-* cm and 
a lifetime, as measured below, of 10 sec.). 
Hence collisions may play a part in redistribution 
of vibrational and rotational excitation energy 
even at the lowest pressures used. Two exposures 
at 0.025 mm also showed the same broad maxima 
but the intensity was so little above the back- 
ground that a change in spectral distribution may 


have been concealed. At any rate, 6000 collisions 
produce no effect different from that produced 
by 10. 

In water solution the fluorescence shows the 
same three broad maxima, but the finer structure 
is diffused beyond recognition. The presence of 
0.2 mm oxygen, which quenches the fluorescence 
to about two percent of the intensity without 
oxygen, does not change the spectrum. 

The fact that the spectrum does not change 
when its intensity is 98 percent quenched by 
oxygen means that in less than 2 percent of its 
excited life the molecule has gone into the con- 
dition from which fluorescence occurs. In this 
intermediate state the amount of vibrational 
energy in the important modes of vibration for 
the fluorescence transition does not depend much 
upon exciting frequency or pressure. One can 
understand this by assuming again that the 
original vibrational excitation is concentrated in 
a few degrees of freedom, then distributed spon- 
taneously over the thirty degrees of freedom 
which the molecule possesses in such a way that 
few quanta are allotted on the time average to 
the modes important in the fluorescence. Thus 
the observed vibrational distribution is not very 
sensitive to the total initial vibrational energy in 
the excited state nor to the numbers of collisions. 


INTENSITY OF FLUORESCENCE 


Method 


For the investigation of the effect on the fluo- 
rescence intensity of diacetyl pressure, intensity 
of exciting light and pressure of added gases, 
particularly oxygen, a T-shaped Pyrex fluores- 
cence cell and a photoelectric cell were used. The 
fluorescence cell was 15 cm long by 5 cm in di- 


ameter with three Pyrex windows, each nearly | 


5 cm in diameter, fused on. For illumination a 
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Fic. 4. Ratio of fluorescence intensity to absorbed light | 
as a function of pressure. Ordinate units arbitrary.Pressure 7 
in mm mercury. Because of inaccuracy at low pressures, © 


departure of point at 1 mm from line is not significant. 
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110-volt d.c. quartz arc, supplemented with 
Corning glass filters or liquid filters, was used. 
The optical system is shown in Fig. 2. 

Only relative intensities have so far been 
measured. For this purpose the most accurate 
measurements were made with a caesium oxide 
vacuum photoelectric cell used in conjunction 
with a d.c. amplifier employing an electrometer 
tube in the Barth-Penick circuit. The photo-cell- 
amplifier system was tested for linear response 
with a sector disk and green-filtered light from 
an incandescent lamp. It was found to be nicely 
linear over a twenty-fold variation of intensity 
(limits of test) in approximately the intensity 
range in which the system was used. A slow 
drift, linear in time, in the zero of the instrument 
was nearly always present but it could be fol- 
lowed by taking zero readings periodically 
throughout a run, and the true deflections 
thereby determined. 

For the measurement of the absorption co- 
efficient of diacetyl a photo-cell with linear re- 
sponse used without amplification was placed 
behind the fluorescence tube and the pressure of 
diacetyl in the tube of known length was varied. 
A third cell could be mounted beside lens II 
where it received a small amount of light from 
the source and enabled one to make corrections 
for small variations in incident energy. The 
whole system except the source was carefully 
shielded in a black-lined housing so that stray 
light produced no observable deflections on the 
glavanometers. It was necessary to make small 
corrections for light from the source scattered in 
the fluorescence cell but these could be accurately 
measured with the fluorescence cell pumped hard 
or containing air. 


Variation of fluorescence intensity with diacetyl 
pressure 


First the absorption coefficient of diacetyl 
vapor at \4358, the radiation used in all of the 
following measurements was determined. The 
intensity of light (I) transmitted through the 
cell, which contained a column of vapor of length 
12.5 cm, was measured at different pressures of 
diacetyl. The results of four runs are plotted in 
Fig. 3 (log I/Io against »), from which the 
absorption coefficient (a) is calculated to be 
0.0206 per cm Hg per cm path. If the concentra- 
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Fic. 5. Fluorescence intensity is proportional to incident 
intensity, pressure constant. Units arbitrary. 


tion is expressed in moles per liter, path in cm, 
the coefficient is 35.1. 

The intensity of the fluorescence (Ir) as a 
function of diacetyl pressure was then measured. 
The intensity of the exciting light had to be 
corrected for absorption between the entrance 
window and the observing window. The light 
absorbed in the region seen by the photo-cell 
was taken to be Jo(e~*”*!—e~*”*2) where p is the 
diacetyl pressure, J) is the deflection of a gal- 
vanometer on the photo-cell measuring the inci- 
dent light and x; and xe are the limits of the 
fluorescence region available to the photo-cell A, 
measured from the entrance window. 

The ratio of the intensity of the fluorescence 
to the absorbed light is plotted against pressure 
in Fig. 4. The ratio remains constant as the 
pressure rises from 1 to 60 mm. No self-quenching 
is observed. From the lifetime of excited diacetyl 
(estimated below to be about 10- sec.) one can 
calculate that a hundred or more collisions occur 
during a lifetime even at 1 mm pressure. At all 
events tens of thousands of collisions are no 
more effective than a few hundreds in deacti- 
vating excited diacetyl. 


Dependence of intensity of fluorescence on 
incident intensity 


Diacetyl was admitted to the cell at a pressure 
of 42 mm. The fluorescence intensity (Jp) was 
measured as the incident intensity was varied by 
introducing combinations of wire screens. The 
incident intensity was measured with a photo-cell 
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Fic. 6. Typical data on quenching of fluorescence by 
oxygen. Without oxygen the intensity is constant in time. 
With increasing pressure of oxygen the fluorescence is 
strongly quenched. As the exposure increases, with oxygen 
present, there is at first a decrease in intensity, then a 
recovery. 


with linear response. The results appear in Fig. 5. 
The fluorescence rises linearly with exciting 
intensity. 

The linear variation is to be expected if a 
simple process occurs involving one quantum ab- 
sorbed for each quantum emitted. More com- 
plicated processes could, to be sure, give an over- 
all linear variation. This experiment shows 
merely that it is not necessary to assume a 
complex process. 


Quenching of fluorescence by oxygen 


The effect of oxygen on the fluorescence was 
tested by the use of the T-shaped tube and 
photo-cell-amplifier system. The procedure was 
this: the tube was pumped, filled with several 
mm of oxygen and pumped to the desired pres- 
sure, read with a McLeod gauge. Then diacetyl 
was admitted until the pressure was between 20 
and 30 mm. To obtain the lowest oxygen pressures 
(<0.04mm) more diacetyl was admitted and after 
allowing time for mixing the cell was pumped to 
about 20 mm. The cell was illuminated and the 
intensity of fluorescence (Ir) observed as soon 


as a reading could be taken (a few seconds) and 
at frequent intervals thereafter for 15 minutes. 

A typical series of data is shown in Fig. 6. The 
ratio of fluorescence to absorption is plotted 
against time. At zero oxygen pressure no change 
in intensity occurs over fifteen minutes of il- 
lumination. With oxygen present the fluorescence 
is strongly quenched, drops still further during 
the first moments of illumination, then rises. 

If an excited molecule is attacked by a foreign 
molecule and the emission of light thereby pre- 
vented the quenching should follow a hyperbola 
(Stern-Volmer law) ;i.e., r/I4 =1/(1+ap) where 
p is the pressure of the foreign gas. The reciprocal 
quantity J,4/Ir should rise linearly with the 
pressure. Both ratios are plotted in Fig. 7. The 
second can be nicely fitted with a straight line 
over a range of pressure in which the fluorescence 
drops to one-fifth of its initial value, but at 
higher oxygen pressure it rises more steeply. In 
the latter region the fluorescence is weak and the 
measured corrections for scattered light become 
of the same magnitude as the fluorescence. Hence 
the departure from the Stern-Volmer law at high 
oxygen pressure cannot be regarded as definitely 
established. 

The drop in intensity during the first moments 
of illumination when oxygen is present can be 
explained by the assumption that when an ex- 
cited molecule is attacked by oxygen a compound 
molecule (a peroxide ?) is formed which is even 
more effective than oxygen itself in further 
quenching of excited diacetyl, and that this com- 
pound molecule is reduced in the quenching 
process to a nonquenching molecule. Hence the 
fluorescence decreases as the concentration of the 
intermediate compound is built up but eventu- 
ally, as both the oxygen and the compound mole- 
cule are used up, the fluorescence increases. 

Other measurements on the recovery of the 
fluorescence made with a visual photometer and 
with stronger illumination showed that the fluo- 
rescence does after a time recover to its original 
intensity, at least to within a few percent Of 
course, long continued illumination with strong 
light decomposes the diacetyl to products not 
condensible with liquid air. As this stage is ap- 
proached the pressure rises and the fluorescence 
decays toward zero. 
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Lifetime of excited molecule 


The lifetime of the fluorescing molecule (7) has 
been estimated in two ways: (1) from the 
quenching curve and (2) by observations on the 
diffusion of the gas into a shadow after excitation. 
From the quenching curve one finds that the 
intensity falls to one-half at an oxygen pressure 
of 0.013 mm. At this pressure the time between 
quenching collisions with oxygen must equal the 
mean lifetime of the excited diacetyl molecule. 
The number of collisions per second which an 
excited molecule makes with an oxygen mole- 
cule is 

Z=5.80 X 10*!0p, 


where p is the oxygen pressure (mm Hg), o is 
the distance between centers upon collision. The 
time between collisions is 1/Z. If a chemical 
reaction occurs in the quenching process (oxygen 
is consumed), the diacetyl molecule probably 
must be attacked in a definite place and the 
distance for effective collision must be small. 
Thus, if o is taken to be 3X10-* cm (approxi- 
mately the gas kinetic diameter of O2), 1/Z and 
hence 7 is 1.5X10~ sec. 

In the second determination of 7 a method 
described by Heil® was used. A series of parallel 
round bars of different diameters was mounted 
on the stop at lens J in Fig. 2. Its image was 
projected by lens JJ into the tube directly behind 
the observation window. When the diacetyl pres- 
sure is high one sees sharply bounded bands of 
fluorescence with dark shadows between, where 
the images of the bars fall. As the pressure is 
reduced the bright bands diffuse into the shadow, 
since an excited molecule can then diffuse into 
the shadow before emitting. The pattern was 
photographed at various pressures. 

Now if a molecule moves at random through a 
gas of similar molecules for a time 7, its mean 
squared displacement in a given direction is 
x*=27D where D is the coefficient of diffusion. 
We assume that we can use this expression to 
calculate the displacement of an excited particle 
through the gas of similar but unexcited mole- 
cules and that D=n/p, where 7 is the coefficient 
of viscosity and p the density. 7 has not been 
measured for diacetyl but for many other light 
organic molecules it is within 20 percent of 10~* 


* Heil, Zeits. f. Physik 77, 563 (1932). 


c.g.s. units; for acetone it is about 0.910-*. We 
assume 7 equal to 10-* and thus can write 
7=0.025x?p, where x is in cm and is diacetyl 
pressure in mm Hg. From a study of the diffuse- 
ness of the shadows it is estimated that, 


at p=1.5 mm, x*=0,.0004 cm’, x*p=0.0006: 
at p=0.5 mm, x*?=0.001 cm’, x*p=0.0005. 


Hence 7 is about 1.4X10- sec. 

If the collision cross section of excited diacetyl 
against normal diacetyl is so large that the as- 
sumptions made do not apply, the lifetime is 
greater than estimated. Since, however, excited 
diacetyl is not at all quenched by collisions with 
normal diacetyl (Ir/I,4 independent of pressure, 
Fig. 4), it is reasonable to suppose that the cross 
section is not abnormally large. 

Neither method of estimating 7 is precise and 
the closeness of the agreement of the two results 
is accidental. Both, however, should be correct in 
order of magnitude; we conclude that the lifetime 
of the fluorescing molecule, in all probability 
diacetyl, is 10-* sec., or longer. 


Remark on hypothesis that fluorescence is due 
to recombination 


These experiments on diffusion also seem to 
rule out the hypothesis that the emitted light is 
a luminescence arising from a recombination of 
radicals formed by light in acetone or diacetyl.® 
The immediate result of the experiment is that 
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Fic. 7. Quenching of diacetyl fluorescence by oxygen. 
The ratio of fluorescence to absorbed light follows a Stern- 
Volmer law during the decrease to 0.2 of the intensity 
without oxygen. At higher oxygen pressures, where meas- 
urements are less reliable, the ratio drops more rapidly 
than expected. 
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Fic. 8. Typical recording galvanometer traces showing 
the absorption which sets in when diacetyl vapor is first 
radiated for 16 minutes, then allowed to remain in the 
dark for 4, 16, 64 and 1024 minutes, respectively, and then 
radiated a second time. A fresh supply of diacetyl is used 
for each run. The breaks in the curves mark 30-second 
intervals. Zero deflection (at top of each record) and de- 
flection during dark period (same as with unradiated 
diacetyl) are shown in each record. 


the activated particle diffuses for a time of 10-° 
second before emission, on the assumption that 
it has a normal gas kinetic cross section against 
diacetyl molecules. Suppose that the particle is a 
radical and that it has to encounter a second 
radical to accomplish the emission. From the 
diffusion experiment we conclude that it en- 
counters the second particle in 10- sec.; that is 
to say, it is making collisions with other radicals 
at the rate of 10° per sec. This requires a partial 
pressure of radicals of about 10~* atmosphere or 
about 10" radicals per cc. But if a radical dis- 
appears in 10~ second, on the average, their rate 
of production, to maintain a concentration of 
10%, must be 10%/10- or 10°° per cc per second. 
The light absorbed was not measured, but from 
recent absolute measurements on a similar op- 
tical system it must have been less than 107° 
quanta per cc per sec. by a factor of at least 10°. 
The case for recombination is made worse, if one 
supposes that a third body in the collision is 
necessary in order to stabilize the molecule before 
emission, or, alternatively, to take up the energy 
of recombination and later emit light (chemi- 
luminescence) ; it is also worse if there are other 
ways by which the radicals may disappear. 


ALMY, FULLER AND KINZER 


Recombination as essential for emission process 
is conceivable only if the collision cross sections 
for radicals in diffusion through diacetyl mole- 
cules and for combination with one another are 
very much greater than the ordinary gas kinetic 
values, which are assumed in the above calcula- 
tions of lifetime and recombination. 

A further argument against the recombination 
hypothesis is the slow growth in weak light of the 
fluorescence in acetone, as contrasted with its 
immediate appearance with full intensity in 
diacetyl. It is unlikely that a period of minutes, 
or even of hours in weak light, should be required 
to establish equilibrium in a process which is 
primarily the production and disappearance of 
radicals. Moreover, if recombination is the es- 
sential element in the production of fluorescence 
in both diacetyl and acetone it is difficult to see 
how the qualitative difference in the rate of 
growth of fluorescence in the two compounds can 
be understood. 


ABSORPTION OF DIACETYL WHILE BEING 
RADIATED 


Since the region of intense fluorescence is 
definitely separated from the region of absorption 
an attempt was made to examine the absorption 
spectrum of diacetyl while it was being strongly 
radiated in order to see if new regions of absorp- 
tion would appear. The system used was de- 
scribed earlier (150-cm tube radiated by two 
150-cm 15-ampere glass Hg arcs). A Pointolite 
lamp was focused through the tube on the slit 
of the Steinheil. About 1/25 second exposure 
with 0.1-mm slit gave an exposure on fast plates. 
For most of the experiments, however, a photo- 
cell was placed behind a slit in the plate holder. 
The cell was connected to a short period gal- 
vanometer whose deflections were recorded 
photographically. 

When the tube was filled with diacetyl vapor’ 
(at pressures up to 50 mm) and illuminated with 
the Hg arc, either unfiltered or filtered to trans- 
mit only 4358, no absorption was observed 
which was not present with unradiated diacetyl 
in the tube. But if the tube was filled, radiated 
for a few minutes, then allowed to stand in the 
_ 10 Tn these experiments diacetyl from two sources, The 
Lucidol Corporation and Eastman Kodak, were used with- 


out further purification. Similar results were obtained in 
the two cases. 
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dark for a time (varied from 1 to 1000 minutes) 
and then radiated a second time, strong absorption 
was observed. It extends continuously through 
the whole visible region, but is strongest in the 
region from 4500A to 5500A. It is not distin- 
guished from diacetyl absorption at wave-lengths 
less than 4500A. It does not show a maximum in 
the region of fluorescence. During the first radia- 
tion and the dark period only diacetyl absorption 
is observed. 

The absorption at all wave-lengths (>4500A) 
goes through fluctuations in time. A maximum 
occurs within a few seconds of the beginning of 
the second radiation, a second about 13} minutes 
later, a third after 6 minutes of radiation. These 
are shown by typical galvanometer traces in 
Fig. 8 and in a series of spectrum photographs in 
Fig. 9. Under suitable conditions more than 95 
percent of the incident light in the wave-length 
range under observation was absorbed at the 
first maximum of absorption. 

These observations are being made the subject 
of a more detailed investigation. The only point 
that will be made here is that the production of 
these absorbing substances takes place at the 
expense of incident energy and must cut down 
the quantum yield in the over-all process of de- 
composition of diacetyl into carbon monoxide 
and hydrocarbons. Several quanta may be neces- 
sary to put each molecule through the stages 
indicated by these new absorption effects. 


CONCLUSION 


The observed properties of the fluorescence of 
diacetyl and acetone are compatible with the 
assumption that the fluorescing molecule is, in 
both cases, diacetyl. Following the excitation of 
diacetyl there must be a redistribution of vibra- 
tional energy in such a way that the amounts 
allotted to the modes of vibration important in 
the fluorescence are not very dependent upon the 
wave-length of exciting light or the numbers of 
collisions before emission. The lifetime of the 
excited state is about 10~ sec., as estimated on 
the assumption that the quenching process with 
oxygen requires a collision diameter of 310-8 
m. This is a reasonable figure for a chemical 
reaction, which, it is inferred, takes place because 
the oxygen is consumed. A lifetime of the same 
order of magnitude is obtained in the experiment 
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Fic. 9. Spectrographs of absorption of diacetyl when 
radiated 16 min., allowed to stand in the dark 16 min. 
and then radiated a second time. The exposures, of one 
second each, were taken as follows: (a) before first radia- 
tion, (b) at start of first radiation, (c) at end of first 
radiation, (d) at end of dark period, (e) during the second 
radiation at times after its beginning of 1, 10, 20, 30, 
40 sec. 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 9, 11 min. 


on the diffusion of the excited molecules into a 
shadow. This experiment also makes very im- 
probable the hypothesis that the apparent fluo- 
rescence of diacetyl and acetone is a recombina- 
tion spectrum. The apparent fluorescence of 
acetone is probably light emitted by diacetyl 
molecules formed from acetyl radicals and ex- 
cited in collisions with acetone or recombining 
radicals.* 

It is a pleasure to acknowledge that these ex- 
periments were begun at the suggestion of Pro- 
fessor James Franck, while one of us (G.M.A.) 
was spending some months at Johns Hopkins 
University. We are also indebted to Professor 
Franck and Dr. F. F. Rieke for discussion of the 
results. 


* Note added in proof.—Preliminary direct measurements 
of the lifetime of the fluorescence with a phosphoroscope, 
combined with measurements of the quantum yield of the 
fluorescence, indicate that the lifetime of the excited 
molecule is, in fact, much longer than 10° second. This 
longer lifetime will require only quantitative changes in 
any of the arguments given in the paper. It may, however, 
compel a change in our idea of the intermediate state 
occupied between excitation and emission. Rather than 
being simply a different vibrational state of the electronic 
state reached on absorption it may be a different and long- 
lived electronic state. 

The direct determination of the lifetime will make 
possible a calculation of the efficiency of quenching colli- 
sions with oxygen and of cross section of collision of excited 
against unexcited diacetyl. 
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Quenching and Vibrational Energy Transfer in the Fluorescence Spectrum of S, 


Eric DURAND 
Johns Hopkins University, Baltimore, Maz yland 


(Received September 5, 1939) 


The ultraviolet fluorescence of Sz was excited by the strong Mg spark lines \A2928 and 
2937A. A typical Wood resonance progression was observed with pure S, only in the vessel, 
but the addition of a few millimeters of any of the rare gases caused changes in the fluorescence 
due to quenching and to the transfer of vibrational and rotational energy. The yields per 
collision for quenching and for vibrational transfer are of the order of magnitude of unity, and 
both show the same dependence on the atomic weight of the rare gas added, with a minimum 
in the vicinity of Ar or Kr. Comparisons are made with the results obtained by other methods. 
Quenching occurs by the addition of two quanta of vibrational energy to the Sz, followed by 


disruption due to predissociation. 





INTRODUCTION 


N recent years four methods for the study of 

the exchange of vibrational and translational 
energy between molecules and other particles 
have been developed. Two are based on studies 
of molecular dissociation rates! and recombina- 
tion rates,? one on the propagation of supersonic 
waves,’ and one on the changes produced in 
fluorescence spectra by the addition of other 
gases.** ; 

As yet there is no satisfactory general theory 
of energy exchange applicable to all types of 
collisions, so only the case of collisions between 
diatomic molecules and rare-gas atoms will be 
considered here. 

The vibrational energy transfer yields found 
with the fluorescence and the recombination 
methods are much larger than those found with 
the other two methods—in some instances by a 
factor of 105: Eucken and Franck’ have at- 
tributed this difference to the fact that the 
molecules studied by the former two methods 
are in a high vibrational state, so that their 
electronic configurations should be readily per- 
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B30, 399 (1935). 

3A. Eucken and R. Becker, Zeits. f. physik. Chemie 
B27, 219 (1934). 

40. Heil, Zeits. f. Physik 74, 18 (1932). 

5 B. Rosen, Zeits. f. Physik 43, 69 (1927). 

6 F, Réssler, Zeits. f. Physik 96, 251 (1935). 

7A. Eucken and J. Franck, Zeits. f. physik. Chemie 
B20, 460 (1933). 
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turbed by collisions, while those studied in the 
latter two cases possess only one or two quanta 
of vibrational energy, and so should be more 
stable. There is, however, considerable uncer- 
tainty present in the absolute values of the 
yields in all of the methods, and the differences 
may not be as great as the experiments indicate. 

The dependence of the yields on the mass of 
the colliding particle may be determined more 
accurately, and here, too, the results obtained by 
the different methods differ. The fluorescence and 
the recombination methods have been applied 
only to the heavy halogens Iz and Bre, and these 
show a rising yield with increasing mass of the 
rare-gas atoms. The dissociation and the acous- 
tical methods, applied to the light molecules Cl, 
and N.O, have shown the reverse dependence. 
Réssler,® following ideas advanced by Rice® and 
Zener,’ has attributed this difference to effects 
depending on the ratio of the period of molecular 
vibration to the duration of the collision, which 
should be small with the heavier molecules, and 
large with the light ones. 

The research here presented was in part done 
to check Réssler’s hypothesis, by applying the 
fluorescence method to a light molecule. Sulfur 
was selected, since it shows vibrational energy 
transfer [Heil*], and since its band-spectrum is 
well known. The Mg spark lines \A2928 and 
2937A were used to excite the rotational levels 
K’=37 and K’=41 in the vibrational level 
V’=8 of the first excited electronic state [cf. 


8 QO. K. Rice, J. Am. Chem. Soc. 54, 4558 (1932). 


°C. Zener, Phys. Rev. 37, 556 (1931); 38, 588 (1931). 
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Christy and Naudé’® and Heil*]. The rare gases 
He, Ne, Ar, Kr, and Xe were used as collision 
partners. 

At low pressures, the molecules, not disturbed 
by impacts, radiate normally, giving rise to the 
well-known Wood resonance progression. At high 
pressure, the more frequent collisions cause con- 
siderable energy exchange. Changes in the rota- 
tional quantum numbers give rise to whole bands 
in the places of the small groups of lines forming 
the original members of the progression, and 
changes of the vibrational quantum numbers 
result in bands in new positions. Furthermore, if 
the molecules are transferred into levels for which 
V’ 2 10, disruption occurs, because of predissocia- 
tion,* and the radiation is quenched. Conse- 
quently, quenching, and the occurrence of new 
bands, both being caused by the transfer of 
vibrational energy, should show the same de- 
pendence on the nature of the collision partner ; 
this was verified experimentally. 


EXPERIMENTAL 
a. Optical 


All optical components were of quartz. To 
avoid the fluorescence produced by the spark 
line 43096A, a monochromator with a large 
water-filled prism was used. The desired mono- 
chromatic spark image was isolated by a slit and 
brought to a focus within the fluorescence vessel. 
The fluorescence light was taken off at right 
angles and focused on the upper half of the slit 
of a small spectrograph. The intensity and mono- 
chromatic purity of the exciting light were 
determined by intercepting a part of the incident 
light with a clear polished plate and reflecting 
it into the lower half of the’slit. Exposures from 
one to three hours were used. Typical spectra 
are shown in Fig. 2 (p. 48). 

For the quenching data, the spectrograph 
prism was removed and the camera tube swung 
around colinear with the collimator tube. The 
slit was opened to 2 mm, so that a 2X6 mm 


(1931) Christy and S. M. Naudé, Phys. Rev. 37, 490, 903 

* Whether the predissociation is induced or direct [cf. 
the discussions of Lochte-Holtgreven, Zeits. f. Physik 103, 
395 (1936), and Olsson, Zeits. f. Physik 108, 40 (1937); 
99, 114 (1936); 100, 656 (1936)] is not important here in 
view of the high pressures used. 





heterochromatic image of the slit was formed on 
the plates. The monochromator was not used, 
but a Corning Red-Purple No. 986-A filter was 
inserted in the path of the comparison beam, to 
make its color sufficiently similar to that of the 
fluorescence. 15-second exposures were used. 

Density-marks for calibrating the plates were 
applied by the optical step-wedge method de- 
scribed by Miller,'' using a mercury arc light- 
source. 
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Fic. 1. The gas-system. A, aniline boiler, R, sulfur 
reservoir, C, refluxing condenser, V, exit valve-seat, 
S, graded seal, F, fluorescence vessel, W, exit window. 


b. The gas-system 


The gas-system, shown in Fig. 1, was designed 
to provide diatomic sulfur at constant pressure. 
The vapor pressure was determined by the 
temperature of a reservoir of liquid sulfur, which 
was kept constant by being bathed in a stream 
of aniline vapor boiling at atmospheric pressure. 
A refluxing condenser returned the condensed 
aniline to the boiler. Variations in barometric 
pressure were negligible during the ten days of 
the final run; the vapor pressure of the sulfur 
was 1.1 mm. 

The fluorescence vessel proper was of fused 
quartz, with windows sucked in at the end and 
on one side. It was kept at 600°C to insure a 
high concentration of S» relative to the other 
molecular forms. 

A special valve was designed, to seal off the 
fluorescence vessel. It consisted of a ground 
tapered rod which could be raised or lowered in 
a conical seat by a sylphon bellows mechanism. 
The outlet from the valve connected to a typical 
high vacuum system. Pressures were measured 
with a McLeod gauge or a closed-arm ma- 


10. E. Miller, Zeits. f. Wiss. Phot. 31, 131 (1932). 











48 ERIC DURAND 


nometer. The rare gases used were flasks of ‘‘Spec- 
Pure” gas from the Air Reduction Company. 

The sulfur had to be very pure and gas-free. 
It was prepared from crude roll-sulfur by a 
series of successive distillations, first under a 
stream of tank He, and then under high vacuum, 
following the scheme of Farr and McLeod.” 

The spark electrodes were so shaped that no 
entrance slit was needed for the monochromator. 
Power was supplied by a 110/25,000-volt trans- 
former with a primary current of 5 amperes, 
the secondary being shunted by a 0.01-mf 
condenser. 


MEASUREMENTS AND COMPUTATIONS 


a. Intensities 


Densities were determined with a recording 
microphotometer built by Dr. G. H. Dieke. 
Intensities were determined by reference to a 


density-intensity curve drawn from the density- 


mark data in the usual manner. 


b. Quenching energy transfer 


The usual quenching formula was used: 
67 =(1/p)(Io/Ip—1), (1) 


where J) and J, are the intensities, relative to 
the comparison mark, of the fluorescence under 
added gas pressure 0 and p mm, respectively, 
7 is the natural mean lifetime of the excited 
state, and 6 is the quenching probability as 
defined by Réssler.6 A correction factor for 
scattered light was obtained by taking several 
plates with the aniline boiler cold. The results 
are shown in Table I. 

It will be noted that the values of 57 decrease 
with increasing pressure. This decrease occurs 











TABLE I. 

PRESSURE br PRESSURE br PRESSURE ér 
5.7 He| 0.086 6.4 Ne} 0.038 |10.4Ar]} 0.021 
5.9 0.078 7.0 0.032 |22.9 0.031 
8.0 0.082 7.1 0.040 |11.5Kr}| 0.030 

12.0 0.059 11.7 0.032 | 33.3 0.021 

15.5 0.055 22.0 0.025 8.9 Xe| 0.039 

oie 0.060 6.9 Ar | 0.029 | 19.2 0.032 

25.9 0.042 8.6 0.022 | 35.2 0.025 

45.7 0.027 9.2 0.024 | 35.2 0.026 























2 C, C. Farr and D. B. McLeod, Proc. Roy. Soc. A118, 
534 (1928). 


since, by collisions, lower levels become popu- 
lated at the expense of the original level. These 
levels, being farther from the predissociation 
levels, are less readily quenched. For this reason, 
only the values obtained at low pressures (italics) 
were used to determine the final averages (see 
Table ITI). . 


c. Band-producing vibrational energy transfer 


Figure 2 shows spectra taken with and without 
added gas. These spectra make clear that the 
data for the determination of band-producing 
transfer is limited to the transfer of +1, 3, 5--- 
quanta, since the transfer of +2, 4, 6--- quanta 
produces bands which coincide with bands of 
the progression originally excited. Hence Réss- 
ler’s® calculation of the transfer yield between 
two single levels cannot be applied. 

The total probability for transfer of an odd 
number of quanta may be obtained. Let mo and 
n, be the numbers of molecules in all of the 
even-numbered and the odd-numbered levels, 
respectively, in the steady state. These molecules 
will give rise to two distinct sets of bands of 
intensity J) and I,, respectively, these being 
proportional to m» and mp. 

Transfer from either group of levels to the 
other will be proportional to the number of 
molecules in the first group, m, to the pressure of 
added gas, », and to the transfer yield coefficient, 
€, which is assumed, for lack of additional data, 
to be identical for both sets of levels. 

The population of the odd-numbered levels 
will be increased at a rate moep, due to transfer of 
molecules from the even-numbered levels, and it 
will be decreased at a rate n,ep+n,/7+n 6p due 
to transfer to the even levels, to radiation, and 
to quenching, respectively. In the steady state, 
these rates are equal, so: 


noep=n,(ep+1/r+5p), (2) 

and 
(1/9) 1+6p7 . 
ev=(1/P I/Tp—1 (3) 


The final run consisted of one plate for each 
gas, the plates having fluorescence spectra at 
two pressures, and a density-mark. Because of the 
small dispersion of the spectrograph, it was 
impossible to measure accurately the areas under 
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— (8-8) 
—(8-9) 
—(8-10) 
—(8-11) 
—(8-12) 


Comparison Light 
| | | | | | 1.1 mm Se 


1.1mS2+18mm Ne 


Fic. 2. Fluorescence spectra. (a) Comparison mark (present on all plates); (6) 1.1 mm pure S»; 
(c) 1.1 mm Se, 18 mm neon. Rotational transfer is indicated slightly by the slight winging of the 
lines on spectrum (c) as compared to (b). Note also the extreme density of the comparison mark 
associated with spectrum (c). This corresponds to the greatly increased exposure made necessary 
by the quenching. On spectrum (c), each apparent band corresponds in reality to more than one 
transition. Thus, the band labeled (8-2) in (6), contains, in addition, lines of the transitions (6-1) 
and (4-0), for example. The spectra are 5X as large as ‘the originals. 


the peaks, so that actual peak intensities had 
to be used. Since all bands showed nearly 
identical rotational structure at a given gas- 
pressure, this should be satisfactory. 

Only the first twelve peaks in each of the two 
sets of progressions were distinct, and of the 
odd-numbered progressions, four peaks were too 
faint to measure. This being so, it was not 
possible to determine the integrated intensity 
produced by all of the odd-numbered levels. 
Therefore, the eight measurable peaks of the 
odd-numbered progressions were compared in 
intensity to eight equally representative peaks 
among the twelve of the even-numbered pro- 
gressions. The peak 8-1, containing large amounts 
of scattered exciting light, was omitted. The 
results are shown in Table II. 

To reduce these values to yields per collision, 
one must divide them by the natural mean life- 
time, 7, and by Z,, the number of collisions at 
unit pressure per second of relative energy 
greater than the vibrational quantum in the 
excited state. 7 was given the conventional 
value 10-8 sec. since no experimental determina- 


tion was available. The absolute magnitude of 
the results is accordingly uncertain. Z, was 
calculated from the usual kinetic theory for- 
mulae, from data in the International Critical 
Tables. The final results are shown in Table III. 


d. Rotational transfer 


. There was evidence of rotational transfer, 
since, with no added gas, individual rotational 
lines were resolved, while with the addition of 
5 to 10 mm of rare gas the structure was obliter- 
ated, because of the filling in with new lines. 











TABLE II. 

PRESSURE Io/Ip bpr €r 
12.5 He 3.14 1.025 0.755 
24.0 2.56 1.97 0.792 

6.2 Ne 5.68 0.229 0.423 
15.0 4.06 0.555 0.339 
16.9 Ar 4.08 0.422 0.273 
33.0 3.20 0.825 0.250 
21.5 Kr 4.65 0.645 0.209 
41.3 3.42 1.24 0.224 
23.7 Xe 3.53 0.935 0.321 
42.0 3.21 1.64 0.284 
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50 
TABLE III. 
Gas Zs or €r 5/Zy €/Zy 
He | 8.98X10*| 0.082 | 0.077 |0.914+15%| 0.86+30% 
Ne | 4.90 0.037 | 0.038 |0.75+15%| 0.77+30% 
Ar | 4.48 0.025 | 0.026 |0.56+15% | 0.584+30% 
Kr | 3.91 0.030 | 0.022 |0.77+30% | 0.56+50% 
Xe | 3.77 0.039 | 0.030 | 1.03+30% | 0.80+50% 























Since it was impossible to measure the shapes 
of the bands with any precision, the observations 
allowed only the conclusion that the probability 
of rotational transfer is of the same order of 
magnitude as that of vibrational transfer. 


DISCUSSION 


a. Order of magnitude 


Table III shows that the yields for quenching 
transfer run, as expected, parallel to the yields for 
band-producing transfer, and are, moreover, 
equal to within the experimental error. One 
would have expected the latter yields to be 
greater than the former, since band-production 
occurs by the transfer of +1, —3, --- quanta, 
while quenching requires the transfer of at least 
+2 quanta, and since the probability of energy 
exchange falls off rapidly with the number of 
quanta transferred. However, this point should 
not be emphasized too much, since the method 
of integrating light-intensities described above 
cannot give accurate results, and since the value 
of 6 used in formula (3) should be some pressure- 
dependent weighted average of the values for 
the odd-numbered levels, while the only value 
obtainable was for the level V’=8. 

The absolute values of the yields are, as men- 
tioned, much more uncertain than the relative 
values, due to the uncertainty in +. Still, it may 
be worth noting that Réssler’s® values for (band- 
producing) vibrational transfer in Iz are much 
larger than those found here for S2. If this 
difference is real, it may be correlated with the 
fact that the excited I, molecule contained more 
vibrational energy relative to the dissociation 
energy of the excited state than did the S, 
molecule. (2 in the case of I.; } in the case of Se.) 
According to the Eucken-Franck hypothesis (cf. 
p. 46) this difference should make the Sz molecule 
less sensitive than the I, molecule to disturbances 
in the shape of the potential curves resulting 


from the presence of nearby particles, with 
a correspondingly smaller vibrational transfer 
yield. 

The fact that I, also showed a much larger 
quenching than S» is to be expected, since the 
excitation energy of Iz was greater than the 
dissociation energy of the normal state, while in 
the case of Sz it was smaller, so that an actual 
transfer of energy by the collision was necessary. 


b. Variation of yield with mass 


Table III shows a minimum in the neighbor- 
hood of Ar or Kr for both yields, which is sur- 
prising, in view of the results of other workers. 
Réssler® has shown that the steady increase with 
mass found by himself for Iz, and the steady 
decrease found by Volmer and Bogdan! for N,O, 
can both be explained in terms of the ratios 
existing in the two cases between the period of 
molecular vibration and the duration of the 
collision. His considerations, as well as con- 
siderations of conservation of energy and mo- 
mentum, both predict a curve with a maximum. 
A tentative explanation for the minimum found 
with S: is to assume that S, lies on the decreasing 
side of such a curve for all of the rare gases, and 
that the duration of the collision becomes so 
great for the heavier atoms that a form of energy- 
sharing between the sulfur and its collision 
partner sets in that is independent of further 
increases.* The subsequent rise in yield is then 
to be attributed to the higher polarizibility of 
the heavier rare-gas atoms. 

However, in view of the large experimental 
error for the transfer yields, it is possible that 
the minimum is not real. 


c. Probable error 


Several sources of systematic error have 
already been mentioned, and it is difficult to 
estimate their probable size. The instrumental 
errors in photometry should not exceed 5 percent 
in the case of the quenching plates, nor 15 
percent in the case of the transfer plates. Im- 
perfect temperature regulation in the case of 
the quenching plates would also introduce errors. 
In the transfer plates, density marks for only a 

* The reduced mass in the S.— Xe collision is not much 
larger than that in the S.—Ar collision, so that there is 


no great difference in the duration of these two types of 
collision, in any case. 
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single wave-length were used; the sensitivity 
and contrast of the plates is not constant with 
wave-length. The probable errors given in Table 
III are estimates that apply only to the relative 
error. 

The author wishes to express his indebtedness 
to the faculty of the Physics Department for 


assistance in the solution of the problems. He is 
grateful to Professor James Franck (now at the 
University of Chicago), for proposing the problem 
and for guidance; to Professors R. W. Wood 
and G. H. Dieke, for the loan of equipment and 
for advice, and to Dr. F. F. Rieke for helpful 
suggestions. 
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The infra-red absorption spectra of aqueous solutions of nine monosaccharides and four 
disaccharides have been observed in the region between 1.7 and 4.6u. A special technique of 
evaporation was used in the preparation of samples, so as to minimize the effect of the solvent 
upon the transmission curves. It was found that all thirteen materials gave very similar 
spectra ; band locations were very nearly identical, although there was some degree of variation 
in intensities. Bands not previously reported were found at 2.16 and 2.35u, and the intense 
absorption in the region of 3.34 was partially resolved into component bands. 


N order to supplement the small amount of 
information on the infra-red absorption spec- 
tra of sugars which is available in the literature, 
an investigation of the spectra of thirteen sugars 
in the near infra-red has been made. The sugars 
examined were selected so as to be representative 
of a number of other closely related sugars. 

In connection with his work on water of crystal- 
lization, Coblentz! published transmission curves 
for six common sugars in the region between 1 
and 7y. Rogers and Williams? have given loca- 
tions of absorption maxima for eight sugars in 
aqueous solution between 3 and 12y; relative 
intensities were not given, although suggested 
assignments for some of the frequencies were 
added. 

Both of these investigations were carried out 
with rocksalt prism spectrometers, though differ- 
ent methods were used in the preparation of 
samples. Coblentz used thin films of solid sugar 


1W. W. Coblentz, ‘‘Investigations of Infra-Red Spec- 
IN Pub. No. 65, Carnegie Inst. of Washington, Dec., 
2L.H. Rogers and D. Williams, J. Am. Chem. Soc. 60, 
2619 (1938). 





which had been melted onto rocksalt plates, 
while Rogers and Williams used cells filled with 
saturated aqueous solutions in comparison with 
celis filled with water. This difference in tech- 
nique may account to some extent for the partial 
disagreement between the results of Coblentz and 
those of the later workers, if there is structural 
modification when a sugar goes into solution. 

The thin cells used by Coblentz gave no de- 
tails in the near infra-red, and Rogers and 
Williams began their spectral observations at 3y. 
For this reason, there seems to be no pertinent 
infra-red data for comparison with the shorter 
wave-length portion of the present study. 

In connection with Coblentz’ curves, it seems 
desirable to point out that his suggestion that the 
sucrose curve indicates water of crystallization 
may be incorrect. The curve shows a small band 
at 1.5u, which he takes as indicative of the 
presence of water. The stronger water band at 
2u is not in evidence, however. It seems more 
probable that the 1.54 band is the harmonic of 
the OH band found at 3y, since it also appears in 
the curves for mannite and alcohols. It would 
seem that the 24 water band offers a more 
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Fic. 1. Effective slit width in microns per radian as a 
function of wave-length in microns. 


satisfactory indication of the presence or ab- 
sence of water of crystallization. 

Raman data on sugars are also incomplete. 
Polara® has made a study of aqueous solutions of 
sucrose, varying in concentration from 3 to 9 
percent, and reported 19 lines, only five of which 
are above 2100 cm~. Kutzner* studied saturated 
aqueous solutions of six sugars and found lines 
at 1180 and 1140 cm which he ascribed to the 
keto and aldehyde forms, respectively. Whiting 
and Martin® found that dextrose gave only a 
continuous background attributable to decompo- 
sition. In general, the agreement between Raman 
and infra-red data does not seem to be good. This 
point is not treated here, however, since most of 
the shifts reported correspond to regions not 
studied in the present work. 

The spectrometer constructed in this labora- 
tory is of conventional design, incorporating a 
. 60° fluorite prism cut from a single crystal of 
water-white fluorite, and having an aperture of 
0.22. The faces of the prism are 45 X75 mm. The 
source of radiation was a Nernst glower, drawing 
about 0.25 ampere at 110 volts a.c. 

The thermocouple, made by Dr. J. D. Hardy, 
of the Russell Sage Institute of Pathology, New 
York, was used in an evacuated container. This 
thermocouple actuated a Leeds & Northrup 
galvanometer (sensitivity, 0.47 uv/mm; period, 


3V. Polara, Accad. Lincei, Atti 14, 293 (1931). 

4W. Kutzner, Naturwiss. 20, 331 (1932). 

5R. E. Whiting and W. H. Martin, Trans. Roy. Soc. 
Canada 25, 87 (1931). 
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7 sec.), which formed part of a Taylor® photo- 
electric amplifier. The current from the amplifier 
was measured by use of a second Leeds & North- 
thrup galvanometer (sensitivity, 0.0004 ua/mm; 
period, 6.5 sec.). The second galvanometer was 
about 4 meters from the reading scale. 

Because of excess building vibration, both gal- 
vanometers were mounted on Julius suspensions 
(as modified by Brevoort’), and all work was 
done at night. 

Prism settings vs. wave-lengths tables were 
calculated from the indices of refraction of 
fluorite as given by Coblentz.® The calibration of 
the instrument was made by comparison of ob- 
served spectra with standard values,® after the 
prism had been set for minimum deviation by use 
of a jig prism cut for use with sodium light. 

For ready determination of the effective slit 
width, a table of microns-per-radian vs. wave- 
length was computed by use of seven place 
logarithms from the indices of refraction. From 
this table the curve shown in Fig. 1 was prepared 
and is included here for the convenience of other 
workers using fluorite prisms. The effective slit 
width for a given exit slit width ds and mirror 
of focal length 7 is readily obtained by multiply- 
ing the appropriate value given by the curve by 
ds/r. It is interesting to note that this curve has 
its maximum near the point of maximum emis- 
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Fic. 2. (a) Transmission of saturated aqueous solution 
of B-lactose. (b) Transmission of B-lactose solution relative 
to water. 


6 A. H. Taylor, Rev. Sci. Inst. 8, 124 (1937). 

7M. J. Brevoort, Rev. Sci. Inst. 2, 447 (1931). 

8 W. W. Coblentz, J. Opt. Soc. Am. 4, 432 (1910). 

9P, E. Shearin and E. K. Plyler, J. Opt. Soc. Am. 28, 
61 (1938). 
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sion of a Nernst glower under ordinary conditions 
of use. 

The sugars studied were obtained from the 
Pfanstiehl Chemical Company, and were the 
purest available from them, being C.P. or better. 
Those _ selected were: Monosaccharides—d- 
arabinose, /-arabinose, B-glucose, d-glucose (dex- 
trose), d-mannose, d-xylose, /-rhamnose, d-levu- 
lose, and d-galactose; Disaccharides—sucrose 
(cane sugar), maltose, d-lactose, and £-lactose. 
This group thus included both pentoses and 
hexoses, aldoses and a ketose, the methyl pentose 
rhamnose, and the 8 form of two materials. 

Preliminary work was done with cells formed 
from microscope cover glasses (between 1.7 and 
2.54), varying in thickness from 0.1 to 0.3 mm. 
Above 2.5, fluorite plates held apart by mica 
washers about 0.03 mm thick were found suitable. 
The sugars were used in the form of saturated 
aqueous solutions. 

Figure 2(a) shows the transmission for a 
saturated solution of 6-lactose in water. It is seen 
that, in addition to the strong 24 water band, 
additional absorption is present at about 2.2 and 
2.354. When this curve is compared with a water 
curve showing approximately the same trans- 
mission at 2u, the curve shown in Fig. 2(b) is 
obtained. This procedure is equivalent to that 
used by Rogers and Williams. 

Even when there is no interaction with the 
solvent, accurate results are difficult to obtain, 
inasmuch as it necessary to use a solvent cell 
thickness which is in just the same ratio to the 
solution cell as the volume of the solvent is to 
the volume of the solution. Obviously there is 
considerable likelihood that the ratio curve will 
give a more or less distorted picture of the actual 
situation, depending upon the degree of incom- 
patibility of the two transmission curves used. 

For this reason, the majority of the present 
transmission curves were obtained by the use of 
cells prepared in a special manner. It was found 
that cover glasses smeared with the concentrated 
solutions could be heated gently over a period of 
a few hours so as to evaporate almost all of the 
water, yet without crystallization taking place. 
As absorption coefficients were not being calcu- 
lated, the thickness of the film left was of no 
intrinsic importance. Such cells gave transmission 
curves showing only a trace of the 2 water 
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band, and the remaining absorption could be 
attributed to the solute alone. 

It was not possible to treat d-arabinose, d- 
lactose, and 6-lactose in this manner, as they 
tended to crystallize, thus producing scattering 
and resultant low transmission. Accordingly, 
they were used in the form of saturated solutions, 
and plotted against water. In these cases, band 
locations and intensities are less certain. 

For samples used above 2.6u, the evaporated 
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Fic. 3. Comparison of transmissions of (B) water, with 
that (A) of saturated 8-lactose solution, and (C) of evap- 
orated film of levulose. 


material was pressed out into thin films between 
two fluorite plates. Thin films were found neces- 
sary, due to the intense absorption around 3.3u. 
This variation in cell preparation results in a 
discontinuity at 2.6u in the transmission curves. 

In the region between 1.7 and 2.7y, an effective 
slit width of 0.034 was used, readings being taken 
at intervals of 0.02u. Between 2.5 and 4.6u, the 
effective slit width was varied from 0.03 to 
0.074, with readings taken at intervals from 0.02 
to 0.04u. 

Actual points observed have been shown in 
Fig. 2, so as to give an indication of the precision 
with which the points fall on a smooth curve. The 
first few points are somewhat disperse, due to 
initial instrumental unsteadiness. 

In Fig. 3, curve A, the transmission of the 
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Fic. 4. Transmissions of evaporated films of (A) /-rhamnose, 
(B) B-glucose, (C) d-xylose, and (D) /-arabinose. 


B-lactose solution is shown just below that of 
water in the same region. It is apparent that the 
solution absorbs differently from water, but the 
additional bands are not marked. The advantage 
gained by evaporation is seen by comparing 
curve A with curve C, for an evaporated film of 
d-levulose. In this last sample the almost com- 
plete disappearance of the 2u water band indi- 
cates that only a trace is still present. It is now 
seen that there is a pronounced band at 2.19y and 
a somewhat weaker band at about 2.37u. 

In all of the figures containing several curves, 
the transmission percentage scale is determined 
by the figures immediately opposite the beginning 
of the curve. 

Figures 4 and 5 give the transmission curves 
for evaporated samples of eight monosaccharides: 
l-rhamnose, 6-glucose, d-xylose, /-arabinose, d- 
levulose, d-mannose, dextrose, and d-galactose. 
It is seen that the spectra are almost identical. 
In all cases the band at 2.16u is more intense than 
the 2.35u band, although the relative intensities 
of the two bands vary considerably. For d- 
galactose, the 2.354 band is very weak, while 
the two bands are of comparable intensities for 
d-levulose. 
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As seen from Fig. 6, maltose and sucrose show 
bands at these same positions. As mentioned 
above, the other disaccharides had to be studied 
as solutions. However, their transmissions rela- 
tive to water indicated bands in the same posi- 
tions, although no accurate estimate could be 
made of the relative intensities of the bands. 
From this, it seems that the observed bands are 
due to group vibrations unaffected by the com- 
bination of the monosaccharide components in 


40 


a a 
a 


18 


PERCENT TRANSMISSION 
8 


S 
Oo 


aS 
9 
T 


1 1 1 1 - 
18 20 22 24 26 
WAVE-LENGTH IN Bp 








Fic. 5. Transmissions of evaporated films of (A) d-levulose, 
(B) d-mannose, (C) d-glucose, and (D) d-galactose. 


the larger molecules, with the accompanying 
loss of a water molecule. 

Band locations for those materials used in 
evaporated form are as follows: 


l-arabinose 2.16u 2.36u 
d-galactose 2.17 2.34 
d-glucose (dextrose) 2.15 2.35 
B-glucose 2.13 2.36 
d-levulose 2.19 2.37 
maltose (hydrated) 2.14 2.40 
d-mannose 2.12 2.35 
l-rhamnose (hydrated) 2.15 2.35 
sucrose (cane sugar) 2.17 2.38 
d-xylose 2.18 2.37 


Figures 7 and 8 show the transmissions of a 
very thin film of water (0.01 mm or less) and 
eight of the sugars in the region between 2.5 and 
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4.6u. It is seen that the region has at least two 
very strong absorption positions, at about 3u and 
3.45u, and several weaker bands, the one at 
about 2.554 being most distinct. It is probable 
that the 3u band is the result of a »(O—H) vi- 
bration, and that the 3.4u is the v(C—H) fre- 
quency. Due to overlapping, the exact position 
of these two bands cannot be determined. 

The weaker bands between 2 and 3u seem to 
be combination bands, involving the 6(C—H) 
vibration at 6u and the v(C—C) vibration at 
9.6u, reported by other workers. The 2.164 band 
could arise from the combination of the 6(C—H) 
and »v(C—H) frequencies, and that at 2.55u from 
the v(C—H) and »(C—C) frequencies. The band 
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Fic. 6. Transmissions of evaporated films of (A) maltose 
and (B) sucrose. 


at 2.354 may be the overtone of the band ob- 
served at 4.7, or the combination of »(C—C) 
and »(O—H) vibrations. 

An attempt was made to find spectral differ- 
ences caused by mutarotation, but in the region 
investigated no such differences were found. The 
similarity of the spectra obtained indicates that 
isomerism plays no part in the determination of 
band locations found here. It is possible that the 
relative intensities of the bands in the short 
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d-xylose, (B) /-galactose, (C) d-glucose, (D) d-mannose, 
and (E) /-rhamnose. 


wave-length region are governed by such struc- 
tural modifications. This is suggested by a com- 
parison of the curves for d-glucose and 6-glucose, 
the 2.164 band being stronger for 6-glucose. A 
more complete study of relative band intensities, 
with cell thicknesses accurately controlled should 
lead to considerable additional information of 
value. Due to the intense absorption in the 3.4y 
region, it is necessary to use film thicknesses too 
small for good quantitative work. Hence, the 
weaker bands at shorter wave-lengths seem most 
suitable for additional work. 
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The infra-red spectra of acetylene and its deuterium isotopes have been studied on a prism 
spectrometer from 450 to 4000 cm~. All but two of thirty observed bands have been assigned 
as fundamentals, first and second overtones, and one-one combination or difference bands. 
Most of the bands of these types which are infra-red active according to the selection rules 
are either observed or occur in a region where they may be masked by the presence of super- 


imposed bands. 





HEN the deutero-acetylenes became avail- 

able in the course of the preparation of 

heavy ethane,! it was thought desirable to study 

their infra-red spectra as these have been only 
very briefly described.? 


EXPERIMENTAL 


C.D. was prepared by passing (99.5 percent) 
D.O vapor over calcium carbide powder which 
had been dried in vacuum at 500°C. This product 
is hereafter called A. 

C:DH was prepared by passing D.O vapor 
over NaC;H, which in turn was prepared by 
passing C,H» through a solution of sodium in 
liquid ammonia.’ This product will be referred to 
as B. 

Prest-o-lite C2H2 was used after purification 
by passage through saturated NaHSQ; solution, 
10 percent NaOH solution, 0.2N I, in KI solu- 
tion, 3. Na2S.O3 solution, water, calcium chlo- 
ride, and dehydrite. 

I am indebted to Dr. A. O. Nier for deter- 
mining the composition of the deutero-acetylenes 
by mass-spectrographic analysis. A was found to 
be 98.5 percent C2De, 1.47 percent C2DH. B was 
found to be 47.3 percent C2Ds, 43.0 percent 
C.DH, 9.6 percent C2Ho. 

The automatic prism spectrometer described 
in I ‘.of this series was used to study the infra-red 

* National Research Fellow in Chemistry, 1937-39. 
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versity. 

1F. Stitt, J. Chem. Phys. 7, 297 (1939). 
( 2H. M. Randall and E. F. Barker, Phys. Rev. 45, 124 
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3H. Moissan, Comptes rendus 127, 911 (1898). See also 
T. H. Vaughan, G. F. Hennon, R. R. Vogt; and J. A. 
Nieuwland, J. Org. Chem. 2, 1 (1937). 

4H. Gershinowitz and E. B. Wilson, Jr., J. Chem. 
Phys. 6, 197 (1938). 





absorption spectra from 2 to 22u. Three different 
prisms were employed: CaF, from 2 to 8.5y, 
NaCl from 6 to 134, and KBr from 12.5 to 22u. 
The spectrometer was calibrated by observing 
the positions of bands of CH, C2H,s, COx, 
CsHe, and acetone. The gas was enclosed in 
either a 20- or a 30-cm long cylindrical cell with 
windows of either NaCl or KBr. Blanks weve 
recorded over the entire region. 

Figure 1 shows the transmission curves ob- 
tained. In regions of strong absorption curves at 
some pressures have been omitted. A comparison 
of the spectra of the three acetylene samples 
indicates which bands are due to absorption by 
each of the three isotopic molecules. The ob- 
served positions of the bands are included in 
Tables IV, V, and VI, as well as an estimated 
uncertainty arising from the limited dispersion 
and method of calibration of the spectrometer. 

Levin and Meyer’ studied the infra-red spec- 
trum of C.He under much higher dispersion than 
was used in this work. Their positions of the 
centers of the three strongest C2He bands in the 
region studied were among the points used in 
calibrating the spectrometer. The bands at 1956 
and 2213 cm~ have not been reported before. 

Randall and Barker made a preliminary re- 
port? on a study of the absorption spectrum under 
high dispersion of a sample of deutero-acetylene. 
They observed* | -type bands at 539.2, 518.9, 
and 679 cm- and ||-type bands at 1043, 1202, 
and 2585 cm. The positions of these bands in 
the present work agree well with these values 
except for the band found here at 687 cm. 

5 A. Levin and C. F. Meyer, J. Opt. Soc. Am. 16, 137 


(1928). 
6 See also W. F. Colby, Phys. Rev. 47, 388 (1935). 
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Fic. 1. Infra-red spectra of the acetylenes: A. 98.5% CsDe, 1.47% C2:DH; B. 47.3% C2De2, 43.0% C2DH, 
9.6% C2H2; C. C2He. Effective slit widths are shown at the bottom of the figure. The path length was 30 cm 
except for A and B in the CaF, region, where it was 20 cm. The gas pressures in mm of Hg: a-760; 5-550; 


c-250; d-200; e-160; f-133; g-125; h-60; 1-42; 7-29; k-20. 


DISCUSSION 


The CH: and C2D2 molecules have point 
group symmetry D,,. The normal modes of 
vibration are of the following types: 2A1,(11, v2), 
Aou(v3), Eyu(vs), E:,(vs). The variation of electric 
moment is either along the figure axis, giving 
rise to ||-type bands (A2,) with a doublet struc- 
ture and no Q branch, or is normal to the figure 
axis, giving rise to L-type bands (£;,) with a 
Q branch.’ The transitions allowed by the selec- 
tion rules to be infra-red active are summarized 
in Table I, where An; refers to the change of the 
vibrational quantum number of the ith vibra- 
tional mode. For example, if Ans=1, Ans=2, 
An;=0 (odd, even, even), the transition is active 
and gives rise to a ||-type band. 

C;:DH has point group symmetry C,, and 
the normal modes are of only two types: 
3A (1, ve, v3), 2Ei(v4, vs). All vibrational transi- 
tions may be infra-red active, giving rise to 
\|-bands if of type A; and 1~-bands if of type Fi. 


TABLE I, Infra-red selection rules for C2D2 and C2H2. 
Am, Anz arbitrary. 











||-bands i-bands 
Ans odd even even odd 
An, even odd odd even 
Ans even odd even odd 








7 For the contents of this paragraph see D. M. Dennison, 
Rev. Mod. Phys. 3, 280 (1931), G. B. B. M. Sutherland, 
Infra-Red and Raman Spectra, or L. Tisza, Zeits. f. Physik 
82, 48 (1933). ||-type bands may have a Q branch if they 
do not start from the ground state. 


Colby® calculated the fundamental frequencies 
of C.D». and of C.DH on the basis of a simple 
potential function fitted to the observed values 
of the CsHe frequencies. He found the calculated 
values agreed well with the observed ones for 
the bands measured by Randall and Barker. 
Subsequent Raman measurements on deutero- 
acetylenes have furnished more of these funda- 
mental frequencies, and in the present work v3; 
of C2D2 has been observed for the first time. 
Experimental values for the fundamental fre- 
quencies of the acetylenes are compared in 
Table II with those calculated by Colby. The 
observed values of »4+¥v; are included because 
this combination band is very intense in the 
infra-red spectra of all these acetylenes. The 
calculated figures are in italics. 

The assignments of the observed bands may 
now be made on the basis of Tables I and II. 
Except for the infra-red active fundamentals, it 
is expected that the lowest overtones and the 
one-one combination bands will appear with the 
greatest intensity. In order to facilitate the later 
discussion, there are gathered in Table III 
values of all vi+yv;, 2v:, 3v:, vi—v4, and vi— v5 
which are allowed by the selection rules to be 
infra-red active. The difference bands are re- 
stricted to those in which the initial state has 
an appreciable population at room temperature. 
The assignments of the bands are collected in 
Tables IV, V, and VI, where the first column 
lists the frequencies found in this investigation. 
The frequencies in parentheses are the positions 
of the centers of ||-bands calculated from the 





TABLE II, The fundamental frequencies of the acetylenes, 
(Frequencies calculated by Colby are given in italics.) 











C2De2 C:DH CoH: 
vy 1762 18512 1974¢ 
1750 1840 (1974) 
ve 27002 3335¢ 3372¢ 
2690 3335 (3372) 
V3 2428/ 2585° 32884 
2414 2560 (3288) 
1% 539% 679% 730¢ 
gao 669 (730) 

Vs 519% 612¢.¢ 
505 523 (605) 
wats 1043> 1202° 13264 








* G. Glockler and C. E. Morrell, J. Chem. Phys. 4, 15 (1936). 

> References 2 and 6. 

€S. Bhagavantam and A. V. Rao, Proc. Ind. Acad. Sci. 3A, 135 
(1936). 

4 Reference 5. 

€R. Mecke and R. Ziegler, Zeits. f. Physik 101, 405 (1936). 

J This work. 


observed frequencies of the P and R branches. 
Reference to Tables II and III render further 
discussion of many of these assignments un- 
necessary, but several require brief comment. 

450 to 600 cm: In spectrum A the v4 band of 
C2Dz is practically free of v; of C2.DH, whereas 
in B the two are superimposed and the peaks 
of the Q branches are prominent. 

600 to 900 cm: In B the superposition of v4 
of C;H2 somewhat changes the appearance of the 
va-C2DH band. 

900 to 1150 cm: v4+vs5 of CeDe is quite in- 
tense in both A and B. It is quite possible that 
2v; of C2:DH is masked by the high percentage 
of C2Dz in B. 

1150 to 1250 cm: v;—v4 of C2Dz is not notice- 
able in B because of the R branch of »4+ 7; of 
C.DH. Likewise the P branch of the latter 
probably obscures »;—v,4 of C2DH, which is 
expected at about 1172 cm. 

1250 to 1500 cm: Although 4+; of CoHe 
at 1326 cm“ appears with very great intensity, 
the ||-band in this region of spectrum A is not 
due to C2H: for two reasons: (1) The percentage 
of C:H: in A is too low to result in even so weak 
a band as is observed. (2) The positions of the 
maxima and the minimum of absorption in A 
are 1321, 1366, and 1343 cm™, whereas in C 
they are 1303, 1352, and 1328. In B the two 
corresponding absorption peaks are found at 
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1311 and 1360 cm and the intensity seems too 
great to be due entirely to the 9.6 percent C2H2 
present. Accordingly it is concluded that the 
band in A is due to C.DH, and it is assigned as 
2v4. The small peak in B may be due to the |- 
component of 2y,4, but it is more probably »;—y; 
of C.DH, a L-band expected at 1332 cm. 

It should be mentioned that at ~1245 cm™, 
where v1—v4 of CoH is expected to appear, the 
shape of the »4+»; band envelope of C2He at 
550-mm pressure suggests the presence of a weak 
band superimposed. This is more noticeable on 
the large scale plot from which Fig. 1 was made 
than in the figure itself. 

1500 to 2250 cm: The weak band at 2045 cm 
in B may be due to either or both of the _-bands 
v3—vs and 3y4, which are expected near 2066 
and 2037 cm, respectively. The weak band at 
1956 cm™ in C is assigned as v4+2y;, a L-band, 
rather than », of C’C™H., the other possible 
simple assignment, because it is apparently 
i-type and is somewhat higher in frequency 
than is expected for the latter assignment (1939). 
The assignment of the 2215 cm= band, which is 
apparently ||-type, is very uncertain. The only 
numerically reasonable assignment possible seems 
to be 3v4, which however is a |.-type band; also 
this assignment would mean an anharmonic 
correction opposite in sign to that expected. 

2250 to 2800 cm: The band in C at 2690 is 


TABLE III. Calculated positions of some overtones and 
combination bands of the acetylenes. 











C2D:2 C:DH C2H: 
||-bands 
+3 4190 4436 5262 
vets 5128 5920 6660 
mtys 1044 1198 1342 
Van-V5 34 160 1 18 
33 7284 7755 9864. 
-bands 
m+, 2301 2530 2704 
u—M% 1223 1172 1244 
vet 3239 4014 4102 
vow Mw 2161 2656 2642 
Vets 2933 3104 3900 
V3— V5 1923 2066 2676 
3% 1617 2037 2190 


Also for C2.DH: »;+;: ||-5186; 1-2370, 1332, 3854, 2816, 
264, 1906. 
2v;: ||-3702, 6670, 5170; ||+ 1(Ai+E))- 
1358, 1038. 
3y,: ||-5553, 10005; 1-1557. 
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TABLE IV. The infra-red spectrum of C2De. 
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TABLE VI. The infra-red spectrum of C2Ho. 

















Uncer- Uncer- 

Frequency taintyin Band Band Calc. or Frequency taintyin Band Assign- Band Calc. or 
in cm=! em-! type Assignment type Obs.* in cm=! cm! type ment type Obs.* 
~519 P br 732 +2 Ba %4 A 730.3* 

540 +1 A % ps 539.2* 1303 P br 
560 R br (1327) 2 \| vatys | 1326.3* 
1026 P br 1352 Rbr 
(1046) 3 | wtvs | 1043* 1956 4 1 +205 L 1954 
1066 R br 2190 P br 
1223 1 4. m—M% m 1223 (2215) 6 | ? 
2240 R br 
1610 3 i 3% i. 1617 
vo— V4 £ 2643.2* 
1927 4 x: V3— V5 A 1923 2690 15 V3— V5 iL 2669.7* 
uty A. 2702.2* 
2158 6 i? vo L 2161 
3295 30 V3 I] 3288* 
2312 12 m+ z 2301 
3935 50 vatvs Z 3882.3* 
2428 9 vs ! 
4145 60 vot *. 4092.0* 
2940 18 vets £. 2933 
* Reference 5. 
3280 50 vot pe 3239 
5120 100 vets II 5128 band in A is of somewhat lower frequency than 








* References 2 and 6. 


TABLE V. The infra-red spectrum of C2.DH. 











Uncer- 
tainty 
Frequency in Band Band 
incm=! cm type Assignment type Calc. or Obs. 
§21 +1 et V5 A. 518.9* 
687 > &- % £. 679* 
1179 P br 
(1202) 1 = || vutys I| 1202* 
1224 R br 
1321 P br 
(1343) 2 || 2 |+L 1358 
1366 R br 
1330 ae 3 u— V5 Lt 1332 
1829 P br 
(1853) 4 || v1 | 1851¢ 
1876 R br 
2045 5 6 314, V3— V5 1, Ll 2037, 2066 
2585 12 V3 2585* 
3315 30 V2 3335+ 
3950 50 votvs,votv, 1, L 3854, 4014 
5100 100 23, mute ll, \| 5170, 5186 








* References 2 and 6. 
t Reference a of Table II. 


found under high dispersion to consist of at 
least four | -bands.® 

2800 to 5500 cm: The two very strong bands 
in B and C are at slightly different positions, 
the former being due to v2 of C2DH and the 
latter to v3 of C2He. Likewise the corresponding 


that in B, suggesting that vetv, of C2De is 
responsible for part of the intensity of the 
former. The positions of the bands above 3600 
cm are subject to large uncertainties in cm! 
units, and the assignments given them in Tables 
IV, V, and VI are those which are suggested by 
Table III. The two C2H: bands are resolved into 
several bands under high dispersion.® 

It has thus been possible to identify all but 
two of the observed bands as either a funda- 
mental or as one of the simple combination and 
overtone bands of Table III. Conversely, it is 
seen that all except »:+v;3 of the C.D2 and 
C:He bands of Table III which fall within the 
region investigated are observed or occur in a 
region where they may be masked by the 
presence of other superimposed bands. The same 
may be said of the analogous bands of CDH, 
and of all but two or three of the other C.DH 
bands in the table. 

The separations of the P and R branches 
expected’ are 38, 41, and 45 cm™, respectively, 
for C2D2, C2_DH, and C:He, respectively. The 
observed separations (see Tables IV, V, and VI) 
are slightly larger in each case. 

I wish to thank Professor E. B. Wilson, Jr. 
for the use of the automatic recording spec- 
trometer and for his interest in this work. 
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The infra-red spectrum of gaseous dimethyl sulfide has been studied from 1.6 to 26y, as well 
as the Raman spectrum of the liquid. A tentative vibrational analysis is given. 





EXPERIMENTAL 


HE material used was obtained from the 
Eastman Kodak Company. In order to free 
it from mercaptans and water, the dimethyl 
sulfide vapor was allowed to bubble through two 
spiral bubblers containing 30 percent KOH solu- 
tion, dried over solid KOH and P.O;, and frac- 
tionated in a one-foot glass spiral packed column. 
The boiling point of the middle portion was 
constant: 36.8°C. 


INFRA-RED SPECTRUM 


The infra-red spectrometer has been previously 
described ;! fluorite, rocksalt and KBr prisms 
were used in the appropriate regions. The spec- 
trometer calibration was checked by observing 
the position of bands of CsHe, CoH, and CeHeg. 
The gas was enclosed in a 30 cm long cylindrical 
vessel with KBr windows at pressures from 10 
to 395 mm. Blanks were recorded over the entire 
region. 

The absorption spectrum is shown in Fig. 1; in 
regions of strong absorption, curves at some 
pressures have been omitted. The frequencies of 
the absorption maxima are tabulated in Table I. 
The extremely weak shoulder at 1390 cm is 
doubtful. No bands appeared in the region be- 
tween 385 and 690 cm-!. The accuracy of the 
frequency measurements may be estimated from 
the slit widths shown near the bottom of Fig. 1. 

Several bands are resolved ; assuming that the 
dimethyl sulfide molecule has a C2, symmetry, 
with the C—S—C angle=105°, C—S distance 
1.82A,2 C—H distance=1.09A and tetrahedral 
~ *C. RB. Advanced Fellow. 

1H. Gershinowitz and E. B. Wilson, Jr., J. Chem. Phys. 
6, 197 (1938). 


2L. Brockway and H. Jenkins, J. Am. Chem. Soc. 58, 
2036 (1936). 
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angles in the CH; group, a P-R branch separa- 
tion’ of 38.5 cm=! was calculated for the parallel 
type of band, whereas we find spacings of 26, 22, 
25 and 24 cm~. This may indicate that the bands 
1024, 1262, 1323 and 1445 cm are of the perpen- 
dicular type, for which a smaller spacing is 
expected. 
RAMAN EFFECT 


The Raman effect of the liquid was also 
studied, by using a technique previously de- 
scribed.‘ Polarization measurements were made 
with the Polaroid method.* The frequency shifts 
compared with those of previous investigators® 
are tabulated in Table II. As the dispersion of 
our apparatus is not very large, some closely 
spaced lines appear as single broad lines on our 
records. Though we were not able to find the 
lines 804 and 2734, listed by Kohlrausch, we did 
find the 1040 line, listed by Médard, and three 
broad lines at 480, 920 and 1610 cm—. 


ASSIGNMENTS 


Although a quantitative vibrational analy- 
sis is not yet possible, certain qualitative con- 
clusions may be pointed out. On the basis 
of a molecule having a symmetry C2, the 
normal coordinate representation, including the 
two internal rotations, would have the structure: 
T=7A,+4A2+4B,+6Bo. 

The various group frequencies which may be 
expected are apportioned among the symmetry 
classes as shown in Table III, where the selection 

3 S.Gerhardand D. M. Dennison, Phys. Rev. 43, 197 (1933). 

4H. Gershinowitz and E. B. Wilson, Jr., J. Chem. Phys. 
6, 27 (1938). 

5 J. T. Edsall and E. B. Wilson, Jr., J. Chem. Phys. 6, 
12 (1938). . 

6C. S. Venkateswaran, Indian J. Phys. 6, 51 (1931); 


K. W. Kohlrausch, Monatsh. 68, 349 (1936); L. Médard 
and F. Deguillon, Comptes rendus 203, 1518 (1936). 
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Fic. 1. Infra-red absorption of dimethyl sulfide. Path length, 30 cm. KBr prism: (a) 395 mm pressure. Rocksalt prism: 
(b) 395 mm; (c) 130 mm; (d) 38 mm. Fluorite prism: (e) 395 mm; (f) 130 nim; (g) 38 mm; (hk) 10 mm. Effective slit- 
i- widths are indicated. 
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‘ TABLE I. The infra-red spectrum of dimethyl sulfide. 
Ss 
1- OBSERVED FREQUENCY TENTATIVE ASSIGNMENT OBSERVED FREQUENCY TENTATIVE ASSIGNMENT 
‘s AND INTENSITY* AND SYMMETRY AND INTENSITY AND SYMMETRY 
685 s va (1) A, 1492 vw 
706 s vu(c) Be 1565 vw 285+1265 Be 
905 w 220+685 B, 1605 s 285+1323 By 
975 m 285+685 By 1724 vw 1445+ 285 
sO 1024 \ vs tm Bo 2028 w 
1037 2262 w 1262+1024 
e- 1252 2404 w 1024+ 6852 
de 1262 }w tm A; or By 2500 vw 
' 1274 2900 vw vu(r) A, 
ts 1295 vw 2977 vs vu(c) B, and By 
“56 1310 3010 w 
) 1323 } vs 5u\| Be 3174 ow 
of 1335 (and A,?) 3322 w 
ly 1359 vw 4080 w 
; 1390 Pow 685+706 Bz 4515 m } various combinations 
ur 1435 6130 w 
he 1445 + vs by 1 A; or Bz 
: 1459 
lid 
ee * ys =very strong, s =strong, m =medium, w=weak, vw =very weak. 
TABLE II. The Raman spectrum of dimethyl sulfide. Frequencies in cm—,* 
ly- VENKATESWARAN KOHLRAUSCH MEDARD PRESENT WORK TYPE TENTATIVE ASSIGNMENT 
an- 284 (1) 283 (6d) 278 (m) 285 (s.P) (k,i,e) iu A; 
sis 480 (vw) (e) 27 A, or As (?) 
LU 
691 (6) 691 (12) . 692 (s) 690 (vs.P) (k,1,e) vu (mr) A; 
the 740 (2) 741 (6) 742 (m) 742 (s.D) (k,i,e) vu(a) Be 
the 804 (0?) 
. 919 (vw.b) (e) 
re. 1045 (vw) 1041 (vw) (k,e) ™ Ao, B; or Be 
1244 (00) 1224 (vw) (e) ™ : 
1335 (0) 1326 (0) 1327 (w) 1325 (w.P) (k,e) 6x]! 1 
be 1424 (6) 1420 (3) 1425 (m) 1426 (m.b.D) (k,i,e) ba Ao, B, or By 
try 1436 (4) 1443 (m) bal As, B, or Be 
‘ 1609 (vw) (b) (e) 
ion 2734 (0) vu(o) Ae (?) 
- 2844 (6d) 2832 (4) 2831 (w) 2832 (w.P) (p,k,e) v(m) A, 
33). 2852 (3) 2852 (w) 
hys. 2914 (8) aa 3) 2910 (vs) 2911 (vs.P) (p,k,e) v(m) A, 
s. 6, 2988 (4b) 2979 (8b) 2971 (s.b) 2980 (s.b.D) (p,k,e) vu(c) B, and By 
3010 (2) 
31); 
dard 





* Intensities are given in parenthesis: b =broad; vs =very strong; s =strong; m =medium; w=weak; vw =very weak; P =polarized (p £6/7); 
D =depolarized. (p =6/7); », k, i. e=Kohlrausch’s notations for exciting lines. 
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TABLE III. Types of vibration in dimethyl sulfide. 

















SYMMETRY** 
APPROXIMATE 
TOTAL FREQUENCY TO BE 
DESIGNATION* Ai(m, s) A2(a, a) Bi(m, a) B2(e, s) NUMBER TYPE EXPECTED CM7! 
OY 0 1 1 0 2 “Internal rotation” ? 
VH 2 1 1 2 6 C-H stretching 2900 
éu, L 1 1 1 1 4 C-H bending 1450 
dx, || 1 0 0 1 2 C-H bending ~1400 
™ 1 1 1 1 4 CH; rocking ~900-1200 
UM 1 0 0 1 2 C-S stretching ~700 
bm 1 0 0 0 1 C-S-C deformation ~300 
Totals 7 4 4 6 21 
Raman-active§$ +,P +,D +,D +,D 
Infra-red-active§ +, 4 —_ +, || +, L 





























* ||, 1. =parallel and perpendicular, respectively, to the C-S axis of the methyl groups involved. 
** +, ¢ =symmetric and antisymmetric, respectively, to the plane bisecting the C-S-C angle. s, a =symmetric and antisymmetric, respectively, to 


T, 
a of the C and S atoms. 


+, — =active and inactive, P, D =polarized and depolarized, |. and || =perpendicular and parallel type of band, respectively. 


rules for the fundamentals are also included. 

The frequencies to be expected for the several 
vibrations may be estimated by analogy with 
other molecules, in particular the methyl halides 
for the methyl group frequencies and the mer- 
captans and diethyl sulfide for the C—S fre- 
quencies. In agreement with Kohlrausch,® we 
assign the 685 (P) and 706 (D), gas phase fre- 
quencies, to v(m) and vu(c), respectively, and 
the 285 cm-! (P) liquid frequency to éy. 

The CH; rocking frequencies should lie be- 
tween 900-1200 cm—. The Raman line 1224 cm, 
being probably polarized, is assigned to the A, 
class. In ethane, the two doubly degenerate as- 
symmetrical rocking frequencies are split apart 
(827— and 1170 cm™), by strong interaction 
between the methyl groups; in dimethyl acety- 
lene, the methyl groups being far apart, those 
frequencies lie closer together (1050— and 1029 
cm~'). In dimethyl sulfide the CH; groups being 
closer than in dimethyl acetylene, we should 
expect the rocking frequencies to lie further 
apart. Consequently, the infra-red 1262 cm fre- 
quency, is believed to be a rocking frequency and 
may either correspond to the 1244 Raman line 
and belong to the A, class, or it may be distinct 
and belong to the Bz class. The 1044 Raman fre- 
quency may either be assigned to the Ae or B, 
class, or correspond to the partially resolved 
perpendicular band with Q branch at 1024 cm— 
and belong to the B class. 

The Raman frequencies 1420 and 1436 cm 
almost certainly are due to 5g vibrations, but it 
is difficult to decide upon their symmetries except 





to exclude the A, class. The corresponding infra- 
red band may be assigned to either the A; or Bz 
symmetry classes. It is likely that the four fre- 
quencies of this type are close together. The 
assignment of the 6,y|| frequencies is less am- 
biguous: the 1325 cm Raman line being polar- 
ized belongs to the A, class, and the infra-red 
band is to be assigned to the same class unless it 
is a superposition of the A; and By, frequencies. 
The strong polarized Raman line at 2910 cm™ is 
certainly due to a vibration of the A, class, 
together with one of the 2840 lines. The strong 
lines at 2929 and 2952 cm being infra-red active 
are supposed to belong to the B classes, while the 
2734 cm vibration (which we do not find) being 
inactive in the infra-red may be assigned to the 
A, class possibly as a combination. 

With regard to the frequency of the torsional 
vibrations y, there is the interesting possibility 
that the Raman line at 480 cm™ is real, and 
corresponds to 2y(c), 2y(z) or y(¢)+7(7). Hence 
the infra-red bands at 905 cm and 975 cm™ 
may be combination tones of the y(7) motion 
(~220 cm-') with the vy vibrations, unless they 
are related to the rocking frequencies. 

Several possible combinations are given in 
Table I. Reliable information, however, must 
await the complete vibrational analysis, and 
accurate thermal data, both of the light and 
heavy compounds. 

In concluding, I wish to express my thanks to 
Professor E. B. Wilson, Jr., for the use of his 
laboratory and for many valuable suggestions 
during this work. 
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Infra-Red O—H Band and Association 


J. Errera, R. GAspart AND H. SACK 
University of Brussels, Laboratory of Physical Chemistry, Brussels, Belgium 


(Received September 12, 1939) 


The vibration of the O—H group in alcohol and HDO has been studied in the 3u region 
for solutions and ternary mixtures at different concentrations and temperatures. The experi- 
mental results are discussed in terms of association and addition-compound formation. 


INTRODUCTION 


N earlier experiments! we studied, by infra-red 

spectroscopy, especially in the 3u region, the 
vibration of the O—H group in different mole- 
cules and under different conditions. From this 
work, as from similar investigations of other 
workers, it appears that infra-red spectroscopy is 
able to give important information concerning 
association phenomena. Finally we pointed out 
the advantage of working with the fundamental 
vibrations rather than with harmonics. In this 
paper we present some new results concerning 
the O—H bands. 


Apparatus and method 


In the investigation reported here we used the 
single-prism quartz-monochromator, described in 
our last paper.’’ A very sensitive reception 
(thermoelement plus galvanometer) and a prism 
movement of high mechanical precision gives us a 
relatively high separation power of about 
1/1000(A/A\~1000). The experimental results 
are given in the form of curves in which are 
plotted as ordinates the transmission in percent 
and as abscissa the wave numbers. The curves are 
obtained by measuring at different wave numbers 
the transmission of two measuring cells, one of 
which is filled with the substance to be studied, 
the other with the pure solvent, and by dividing 
the first by the second. 

The spectral width of the slit is indicated 
wy “S.” 

All substances were carefully dried and dis- 


1(a) J. Errera and P. Mollet, Nature 138, 882 (1936); 
Comptes rendus 204, 259 and 1719 (1937); (b) G. Bos- 
schieter and J. Errera, J. de phys. et rad. 8, 229 (1937); 
Comptes rendus 205, 560 (1937); (c) J. Errera, J. Chim. 
Phys. 34, 617 (1937); (d) Physica 4, 1097 (1937); (e) Helv. 
Chim. Acta, 20, 1373 (1937); (f) G. Bosschieter, J. Errera 
and R. Gaspart, Physica 5, 115 (1938); (g) J. Errera and H. 
Sack, Trans. Faraday Soc. 34, 728 (1938). 
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tilled, and special care was taken to prepare the 
solutions and to fill the cells without introducing 
the smallest traces of moisture. 


BINARY SOLUTIONS OF ALCOHOLS IN 
INERT SOLVENTS 


In 1935, we pointed out (for the first time) 
that the large absorption band at about 3300 
cm in pure alcohol is not due to the vibration 
of the O—H group of the isolated molecule 
(monomolecule) but to the vibration of this 
group in associated molecules.’*:? In further 
studies we showed!“ that it is possible to divide 
the solvents in which the alcohols were dissolved 
into “inert’’ solvents (CSe, CCl,) and “‘active’”’ 
solvents. The molecules of the latter (acetone, 
dioxan, ether, pyridine) contain an atom of O or 
N and give rise to addition-compounds with mole- 
cules containing an O—H group (alcohols, water) 
while the inert solvents form no such compounds.* 

In dilute solutions in inert solvents as well as in 
the gaseous state at a sufficiently low pressure one 
observes a narrow band at 3638 cm~ which we 
have attributed to the O— H group of the isolated 
molecule. As the concentration of the solution 
increases the broad O—H band characteristic of 
associated molecules appears; its intensity in- 
creases rapidly and finally masks completely the 
band of the monomolecules. This result was later 
confirmed by other workers for the region of the 
fundamental vibration (34) and as well for the 
region of the harmonics.* 


2 J. Errera, Trans. Faraday Soc. 33, 120 (1937). 

3 See also, e.g., (2) W. Gordy, J. Am. Chem. Soc. 60, 
605, 1938; (6) R. Freymann, J. de phys. et rad. 9, 517 (1938), 
10, 1 (1939). 

4(a) J. J. Fox and A. E. Martin, Proc. Roy. Soc. 162, 
491 (1937); (6) E. L. Kinsey and J. W. Ellis, J. Chem. 
Phys. 5, 399 (1937); (c) R. M. Badger and S. Bauer, ibid. 
5, 938 (1937); (d) P. Barchewitz, Comptes rendus 204, 
sn R. Freymann, Comptes rendus 204, 1063 

1937). 
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Fig. 1, Ethyl-alcohol in CCl; t= 20°; layer 0.2 mm; (1) 2%; 
(2) 4%; (3) 6%; (4) 8%. 
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The absorption spectra of alcohols are therefore 
of a special value in the study of the association 
of these substances. 

In the present study we provide some new 
measurements. Fig. 1 gives the transmission 
curve of solutions of ethyl alcohol in CCl, at 
20°C and at volume concentration of 2, 4, 6and 
8 percent. There is evident at 3638 the mono- 
molecular band and at about 3300 a very broad 
polymolecular band, which increases in intensity 
very rapidly with the concentration. Fig. 2 
shows the same transmission curves at 55°C. As 
could be foreseen the monomolecular band in- 
creases with rising temperature, while the band 
at 3300 diminishes in intensity because the 
associated molecules split into monomolecules. 
But a more detailed study of the curves at 55°C 
shows that the band at 3300 has not only changed 
in intensity but also in shape. This appears still 
more clearly if we divide the transmission curves 
at 20°C by the corresponding ones at 55° (Fig. 3). 
A quotient higher than 1, 0 means that the 
absorption at high temperature is stronger than 
at low temperature. Thus the increase of the 
monomolecular band seen in Fig. 1 and 2 finds 
its equivalent in Fig. 3 in a pronounced maximum 
_at 3638. Besides this first maximum, there is a 
second maximum at 3523 and a minimum at 





GASPART AND SACK 





3296. This is the consequence of the fact that the 
absorption band becomes more pronounced at 
3500 with increasing temperature and less intense 
at 3000. This behavior may be interpreted in two 
different ways: it may be the consequence of a 
simple shift of the 3300-band towards greater 
wave numbers but it may also be due to the 
appearance of a new band at 3523 at the expense 
of the original polymolecular band. The second 
interpretation seems the better. One reason for 
believing this is that when the temperature is 
raised in steps the maximum and the minimum 
is always observed at the same wave numbers 
only their intensities being variable. If it were a 
question of a simple displacement of the original 
band it would be difficult to understand why 
these maximum and minimum should not be 
gradually shifted. Other arguments in favor of 
our interpretation will be advanced below. 

If our interpretation is correct we must 
attribute at least three bands to ethyl-alcohol in 
solution : at 3638, 3523 and about 3300 cm~. The 
first one corresponds, as stated above, to the 
O-—H vibration in the monomolecule. We attri- 
bute the band at 3520 to the O—H vibration in 
double molecules. This interpretation is based on 
experiments in which the alcohol solution in CCl, 
is compared with solutions in active solvents 





370 = 3beo 3Se0 34ee0 3300 3200 -4 
Cm 


Fic. 2. Ethyl-alcohol in CCl,; =55°; layer 0.2 mm; (1) 2%; 
(2) 4%; (3) 6%; (4) 8%. 
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containing an atom of O such as acetone (see 
below). Alcohol in acetone gives a band at about 
3500 which is due to an addition-compound of one 
molecule of alcohol with one molecule of acetone. 
By analogy it is therefore logical to ascribe the 
3520 band in alcohol-CCl, solutions also to 
addition-compounds but now of one alcohol 
molecule with another alcohol-molecule. The 
3300 band must then be due to higher complexes. 
At ordinary temperature the band of these 
complexes almost completely masks the band of 
the double-molecules, but a relatively small 
increase of temperature (of about 30°) destroys 
the complexes in favor of the formation of double 
molecules and monomolecules. 

If this interpretation is correct we should find 
the band of the double molecules even at ordinary 
temperature if the concentration of the solution 
is sufficiently diminished. Indeed, the results 
given in the Fig. 4 confirm this expectation. At 
the concentration of 1 percent an inflection in the 
transmission curves appears at 3520, but at 0.125 
percent the polymolecular band has disappeared 
and a feeble but distinct band appears at 3525. 
The variation with temperature at this small 
concentration is also in accordance with our 
interpretation. At relatively great concentrations 
(Fig. 1 and 2) the 3520 band becomes stronger 
with increase of temperature because there are 
more polymolecular complexes decomposed into 
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Fic. 3. Ethyl-alcohol in CCl; quotient of curves of Fig. 1 
by curves of Fig. 2. 
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Fic. 4. Ethyl-alcohol in CCl; layer 1 mm (1-3) and 5 
mm (4-6). (1) 0.5% (20°); (2) 0.75% (20°); (3) 1.0% 
(20°); (4) 0.125% (20°); (5) 0.25% (20°); (Sa) 0.25% (55°) 
(5b) 0.25% (5°); (6) 0.5% (20°). 


double molecules than double molecules decom- 
posed into monomolecules. At a very low concen- 
tration on the contrary, as is to be seen in Fig. 4, 
the 3520 band decreases with increasing tempera- 
ture because there are only a very few polymole- 
cules which may be decomposed and the effect of 
decomposition of double molecules into mono- 
molecules proponderates. On decreasing the tem- 
perature below ordinary temperature (5°C) the 
polymolecular band again appears.* 


* In earlier work attention has been drawn on the struc- 
ture of the association band and the opinion has been ad- 
vanced that different kinds of complexes exist, e.g. bi- 
molecular and higher complexes (cf. references 1 and 4a). 





It should be noted that at ordinary tempera- 
ture it is necessary to go to concentrations smaller 
than 0.12 percent (=0.02 mole/1) before only 
monomolecules are found. In the gaseous state 
at 80°C and at a pressure corresponding also to 
0.02 mole/1 distinct bands due to associated 
molecules'* are still observed. Thus we may 
conclude that the CCl, has a higher dissociation 
power, which is normal and probably due to the 
higher dielectric constant of CCl, compared to 
that of the gas. 

Using CS. as solvent we obtained results that 
are very similar to those obtained with CCl. The 
monomolecular band is somewhat less intense 
and is located at 3625 instead of 3638. The 
dissociating power is about the same. 

From the quantitative point of view one could 
try to calculate the concentrations of the different 
constituents on the bases of the intensities of the 
different bands. Fox and Martin** have suc- 
cessfully made such a calculation for phenol 
solutions at ordinary temperature. We repeated 
this calculation for our data of Fig. 1 and 2. At 
ordinary temperature our results are very close to 
those of Fox and Martin. The monomolecular 
and the polymolecular band (at 20° we neglect 
the double molecules) obey Beer's law, i.e., log T 
is proportional to the concentration for all 
frequencies. Thus we may say that the shape of 
the curve does not change with concentration. In 
Table I are given the total concentration, the 
concentration of the monomolecules, and the 
concentration of associated molecules (polymo- 
lecular band). But these values do not tell us 
exactly the nature of the reaction that interferes 
with the association of alcohol. The only thing 
we may say is that an association of the type 


where one O—H group remains “‘free’’ is not 


TABLE I. Concentrations in volumetric percents. 








Ctotal 0. 
Cmonom 0. 
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possible, nor the reaction 


where both O—H groups are involved (these 
conclusions are reached by calculating from the 
Table I the constant of the mass action law for 
the different reactions proposed). This is again in 
agreement with our interpretation that the 
broad 3300 band is due to higher molecular 
complexes. 

In attempting to apply a similar calculation to 
the curves obtained at 55°C, one meets the 
difficulty that the band no longer obeys Beer’s 
law. The shape of the curves changes with 
concentration, and this is a new argument in 
favor of our interpretation of Fig. 3. Indeed it is 
necessary to conclude that at 55° the broad band 
can no longer be regarded as a single band but 
rather as a complex band. Unfortunately these 
curves are so complicated that we have not been 
able to draw quantitative conclusions concerning 
the concentration of the different constituents 
present in the solution. 

The phenomena observed in the region of the 
harmonics are quite similar to those observed in 
the region of the fundamental, except that the 
polymolecular band is less pronounced in com- 
parison with the monomolecular band’ due to 
the higher symmetry of the O—H vibration in 
the associated molecules. Finally it should be 
noted that our observations are in good agree- 
ment with those dealing with other properties of 
alcohol solutions such as dielectric constant, heat 
of dissolution, etc. For example, Hoecker’® ob- 
served that for concentrations of the order of 
0.00007 to 0.001 molar fraction (=0.0007 to 
0.011/1) the dielectric polarization is inde- 
pendent of the concentration, which means that 
for these concentrations no association occurred. 
This is in agreement with our observations at 
very low concentrations. From an other point of 
view Wolf and his collaborators® were led, in 
interpreting their experimental results on die- 
lectric constant, heat of dissolution, and other 


5 F. E. Hoecker, J. Chem. Phys. 4, 431 (1936). 
6 For bibliography, see, e.g., H. Harms, Zeits. f. physik. 
Chemie B43, 257 (1939). 
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physico-chemical phenomena, to postulate at 
least two steps of association. At low concen- 
tration bimolecular association predominates. 

At present there are two different ways by 
which one attempts to explain the formation of 
association and addition-compounds in general : 
the first invokes the hydrogen or hydroxyl bond 
theory*:7 and the second is based on pure 
electrostatic considerations.*»* Our infra-red 
measurements do not allow us to decide between 
these two interpretations. 


TERNARY MIXTURES 


It is known that a molecule of alcohol not only 
forms associated complexes with another mole- 
cule of alcohol but also with other molecules con- 
taining an atom of O or N (active solvents).!*: 7: 34 
This gives rise in the infra-red to the appearance 
of new bands which may be called ‘‘addition- 
compound bands,” and which are due to the 
strong interaction between the O—H group of 
the alcohol and the O or the N of the molecules of 
the solvent. We have found bands of this type 
for alcohol in acetone at 3500 and in pyridine 
at 3350.* 
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Fic. 5. x% alcohol +(10—x) % acetone +90% CCh; t= 20°; 
layer 0.2 mm. (1) x=2; (2) x=4; (3) x=6; (4) x=8. 


7J. D. Bernal, Trans. Faraday Soc. 33, 142, 210 (1937). 

8 M. Magat, Ann. de Physique 6, 108 (1936); Ed. Bauer 
and M. Magat, J. de phys. et rad. 9, 319 (1938). 

* For these binary mixtures of alcohol and active solvents 
there appears only one band, that of the addition-com- 
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Fic. 6. x% alcohol+(10—x) % pyridine +90% CCl: 


t=20°; layer 0.2 mm. (1) x=2; (2) x=3.5; (3) x=5; 
(4) x=6.5. 


If well-defined addition-compounds do exist, 
they must persist to some extent after dissolving 
the two substances in question (e.g. alcohol and 
acetone) in an inert solvent such as CCl,. One 
would then expect to find side by side the 
monomolecular, the bimolecular, the polymolecu- 
lar, and the addition compound O—H bands. 
Figs. 5 and 6 give two examples of this at ordi- 
nary temperature. In these curves the four 
different bands do not appear clearly because 
they overlap and mask one another. The facts 
appear more clearly after dividing the trans- 
mission curves of the binary mixtures of the 
alcohol alone in CCl, (Fig. 1) by the transmission 
curves of the ternary mixtures of the same 
alcohol concentration. A quotient greater than 
1.0 means an increase in the amount of a given 
complex in the ternary mixtures. Fig. 7 gives an 
example of such a division for the case of 
alcohol+acetone+CCl,. A small minimum ap- 
pears at about 3640 and another one much more 
pronounced at about 3300 and a maximum at 
about 3500, i.e., just at a wave number where the 
addition-compound band would be expected. We 
may conclude from these curves that the forma- 


pound, provided the concentrations are not too high. This 
is understandable since the number of the molecules of the 
solvent is very great compared to the number of alcohol 
molecules so that there is almost no possibility for free 


alcohol molecules to exist. 
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Fic. 7. Quotient of curves of Fig. 1 by curves of Fig. 5. 


tion of addition-compounds occurs mainly at the 
expense of the polymolecules and only very 
slightly at the expense of monomolecules. The 


structure shown by the maximum at 3500 is, in. 


our opinion, due to the fact that there must be 
also a variation, though probably feeble, of the 
number of double molecules; but since the band 
of the double molecules almost coincides with the 
band of the addition compound, the variation of 
the number of double molecules is revealed by 
inflections on the pronounced maximum due to 
the addition compounds.* 

At high temperature, 55°C (the curves are not 
reproduced here), the bands of the spectra of the 
ternary mixtures are shifted and changed in 
intensity compared with the curves obtained at 
20°C. The division of the curves at 20° by the 
corresponding ones at 55° discloses further de- 
tails. As with binary mixtures, the number of 
polymolecules decreases in favor of monomole- 
cules and of double molecules (and eventually of 
addition-compounds). The band of the addi- 
tion compound varies only very little with 
temperature. 

The curves obtained by dividing the trans- 
mission curves of the binary mixtures (alco- 


* Acetone solutions of 2 to 8 percent in CCl, show a very 
weak band at 3420 (C=0), which does not influence these 
results, 


hol+CCl,) by the corresponding transmission 
curves of the ternary mixtures obtained at 55°C 
may be compared with the similar ones obtained 
at 20°C (Fig. 7). The minimum at 3640 is more 
pronounced, the one at 3300 is less intense and 
the maximum is also less intense. This behavior 
can be explained as follows: the number of 
polymolecules is very much smaller at 55° than 
at 20°, and in consequence the addition com- 
pounds are formed less at the expense of the 
polymolecules and more at the expense of the 
monomolecules and of the double molecules which 
are now more abundant. It follows, therefore, 
that the maximum at 3500 is less pronounced 
because the destruction of double molecules 
corresponds to a depression of the curve at 3520. 

Similar results were found for the ternary 
mixtures alcohol+pyridine+CCl,. The only dif- 
ference is that the addition-compound band is 
located at another wave number than in the case 
treated above. 

There remains to be discussed the question of 
the strength of interaction between the molecules 
forming addition-compounds. The addition-com- 
pound band is located at 3500 cm~ for acetone 
and dioxan and at 3350 cm! for pyridine. The 
distance of the addition-compound band from the 
monomolecular band is therefore much greater 
for pyridine. From this we may conclude that 
the interaction between alcohol molecules and 
pyridine molecules is much stronger than that 
between alcohol and dioxan (or acetone). The 
study of a mixture of alcohol + (pyridine +dioxan 
in equal amounts) e.g., 2 percent alcohol+49 
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Fic. 8. 2% Ethyl-alcohol+49% dioxan+49% pyridine; 
t=20°; layer 0.2 mm. (1) calculated; (2) observed. 
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percent pyridine+49 percent dioxan, gives fur- 
ther evidence of this fact. Fig. 8 reproduces the 
transmission curves for this mixture and the 
band of the two addition-compounds can be seen 
side by side. It should be possible to calculate the 
curve of this mixture by adding the experimental 
curves obtained for the alcohol-dioxan and 
alcohol-pyridine mixtures separately. Curve 1 
gives the result of such a calculation. The 
agreement is quite good, but in order to obtain it, 
it was necessary to assume that the probability 
of the formation of an addition-compound alcohol- 
dioxan is 2.3 times smaller than the probability 
of the formation of an addition-compound alco- 
hol-pyridine. Thus the “affinity’”’ of the alcohol 
for the pyridine is stronger, which is in agreement 
with the greater displacement of the band. 


HDO 


The O—H group has also been studied in the 
HDO molecule. It is rather difficult to study the 
H,0 absorption in the 3y region in the liquid state 
because water absorbs very strongly, which 
necessitates the use of very thin absorption cells. 
One finds a very broad band at about 3400 with 
two feeble inflections at 3500 and 3250.!* An 
attempt has been made to obviate this difficulty 
and to obtain more precise results by studying a 
solution of HDO in small concentration in D,O. 
As the forces between water molecules and 
between D.O molecules are about the same the 
structure of liquid D,O will not differ greatly 
from that of liquid water. From the point of view 
of infra-red spectroscopy the bands are of course 
shifted towards smaller wave numbers as a result 
of the double mass of D as compared to H. If 
some D atoms are replaced by H atoms one 
would observe H_ vibrations in the quasi- 
crystalline lattice of heavy water. In a first 
approximation this vibration should be the same 
as in ordinary water because the structure of the 
heavy water is so similar to that of ordinary 
water. But as the number of H atoms is so small 
the corresponding band will be less intense and 
therefore more easily observed and eventually a 
structure should appear.* Fig. 9 shows the 


*In a calculation of the vibration of liquid water as 


shown by Magat, reference 8, the mass of the proton does 
not interfere. The results are thus identical for heavy and 
ordinary liquid water and for mixtures of these two, pro- 
vided the distances between the molecules and their 
special arrangement are not strongly modified. 


INFRA-RED O-H BAND AND ASSOCIATION 
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Fic. 9. (1) KI saturated in 99% D,.0+1% H.O; t=20°; 
layer 0.2 mm (2) 1% H,0+99%, D.O; t=20°; 0.2 mm; 
(3) H.O; t= 20°; layer some u. 


transmission curves of a 2 percent solution of 
HDO in D,O.* For purposes of comparison the 
curve for ordinary water is also reproduced. This 
curve was obtained'* with a measuring cell of a 
few uw thickness consisting of two cover slides 
held together by capillary forces. The curves are 
very similar and we may conclude that there is no 
fine structure. 

The variation of the band with an increase of 
temperature is also very similar for the HDO 
solution in D,O and for ordinary water. Finally 
the influence of an electrolyte on the absorption 
curve is also nearly identical for water and HDO 
solution, as is seen by comparing curves for a 
saturated solution of KI (Fig. 9) with those for 
ordinary water published by Ganz.® Our investi- 
gations thus support the belief that the vibration 
of the H is very similar in ordinary water and in 
heavy water where some D is replaced by H. 

We also studied the behavior of HDO in the 
active solvents dioxan, acetone and pyridine. As 
has been shown earlier'*: / ordinary water shows 
characteristic addition-compound bands similar 
to those observed in the case of alcohol. In the 
solvents the molecules of which contain an O, the 

* Pure D2O has no band in this spectral region but the 
smallest traces of moisture (e.g. if the measuring cell is 
filled without drying the atmosphere) gives rise to a 
weak HDO band. The D,O used here had a purity of 
99.95 percent (Norsk Hydro-Elektrisk Kvaelstofaktiesel- 
skab). The solution of 2 percent HDO was prepared by 
adding 1 percent ordinary water to the pure D,O. The 
exchange reaction is immediate and gives nearly 2 percent 


HDO. 
9E. Ganz, Ann. d. Physik. 28, 445 (1937). 
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Fic. 10. t= 20°; layer 0.2 mm (1) 1% H.0O in dioxan; (2) 
2% HDO in dioxan; (3) 1% HDO in pyridine; (4) 0.5% 
H,0 in pyridine. 





























band is doubled as shown in Fig. 10 for dioxan; in 
pyridine the band is single but much broader.” :* 
In dissolving HDO in these solvents one finds 
bands that are very similar to those of H;O if 
the solvent is pyridine, but in the case of dioxan 
and acetone the band is single and not doubled as 
in the case of water (Fig. 10). Measurements on 
C.D;Br proved that these bands are not due to 
vibrations of a C—D group which could con- 
‘ceivably be formed by an exchange reaction.f 

This behavior of HDO allows us to draw some 
conclusions concerning the reason for the doubling 
of the band in the case of H2O. Let us suppose 
that H.O forms with a molecule of the solvent 
(or with two molecules, but this seems less 
probable) a rather rigid compound of such kind 
that the two H are symmetrically bound. The 
following formula could, for example represent 

10R, Gaspart and L. Gillo, Bull. Soc. Chim. Belg. 47, 
933 (1938); R. Gaspart and G, Serrure, Bull. Soc. Chim. 
Belg. (in press). 

* The relatively great intensity of these addition-com- 
pound bands permit their use in a quantitative determina- 
tion of traces of moisture. A detailed study of this possi- 
bility has been undertaken in our laboratory and it has 
been shown that the limit, of sensitivity is as low as 10% 
for water in acetone and 3-10-* for water in ether. The 
precision of this method is thus better than that of the 
ordinary physico-chemical methods (e.g. ebullioscopic 
measurements, etc.). Our spectrographic method has been 
applied in a concrete case where one had to determine the 
quantity of water produced during the preparation of a 
solution of colloidal gold in ether. 

¢ We are very much indebted to Professor M. de Hemp- 


tinne (University of Louvain) for the sample of this 
substance prepared by him. 
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such a compound 


Then there would be a resonance between the 
vibrations of the two H and as a result of the 
coupling between the two atoms, there would be 
a doubling of the vibration band.":* If the sym- 
metry is destroyed by substituting a D for an H, 
the resonance disappears and with it disappears 
the doubling of the band ; two distinct bands OH 
and OD would appear. 

Anyhow our measurements seem to exclude 
the formation of compounds in which the two 
H’s of the H.O molecule would be influenced by 
the molecule of the solvent in a different way, 
e.g., as would happen in an arrangement : 


\ 
C=0---H—O 
e \ 
H 


where the second H would be free or bound in a 
different way with a third molecule. In such a 
case the doubling must be explained by different 
forces acting on the two H atoms. But then the 
doubling should not disappear after substituting 
an H by a D since it would be at one time the 
first H and another time the other H that would 
be substituted so that the two bands corre- 
sponding to the two different H atoms would be 
present, which is not the case. 

When pyridine is the solvent the addition-com- 
pound band water-pyridine is much broader and 
not doubled. This must be explained, in our 
opinion, by the fact that the mutual arrangement 
of the water and pyridine molecule is not so well 
defined as in the case of acetone or dioxan, and 
that therefore the resonance between the two H 
is not sufficiently pronounced to give a doubling 
of the band. 


CONCLUSIONS 


Absorption spectra in the 3 region, at different 
concentrations and temperatures, have been 


1R. Mecke, Zeits. f. Physik 99, 217 (1936); Also Buswell, 
Dietz and Rodebush, J. Chem. Phys. 5, 84, 501 (1937); 
Bolst, Buswell, and Rodebush, J. Chem. Phys. 6, 61 (1938). 
* Mecke explained in the same manner the appearance of 
several C—H bands in aliphatic compounds. 
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studied for alcohol in CCl, and CS,; for ternary 
mixtures alcohol+pyridine+CCl, and alcohol 
+acetone+CCl,; and for HDO in D.O, dioxan 
and pyridine. 

From these measurements it is concluded: 


(a) Alcohol (in CCl, and CSe) is only com- 
pletely dissociated at concentrations smaller 
than 0.1 percent in volume. 

(b) In the mechanism of the association of 
alcohol at least two steps may be distinguished: 
formation of double molecules and of poly- 
molecular complexes. The latter are very sensi- 
tive to an increase of temperature of the order of 
30° to 40°. 

(c) Alcohol forms addition-compounds with 
molecules containing an O or an N and these 


addition-compounds still exist after diluting 
them in an inert solvent. 

(d) The O—H vibration gives rise to the same 
band in pure water and in a solution of HDO 
in D.O. 

(e) For HDO dissolved in a solvent of which 
the molecule contains an O, the doubling of the 
band of the addition compound H,0+solvent 
disappears. 


The authors wish to thank Dr. T. C. Ruch 
(C.B.R. Fellow) for assisting with the translation 
and Mr. J. Lazarichvily for his help in the 
experimental part of the present work. They are 
also very much indebted to the ‘Fonds National 
de la Recherche Scientifique de Belgique” for the 
fellowship accorded to one of them (R.G.) and 
for the apparatus put at their disposition. 
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A Coriolis perturbation on the rotational structure of the fundamental! frequency, v4 has 
been computed for silane and germane. Matrix elements of the Coriolis operator, A for the 
lines P(9), P(10) and Q(10) have also been obtained. The envelope of the resulting absorption 
curve has been compared with the experimental curve and good agreement found. The most 
striking difference in the two spectra is that in the case of silane, the Q branch degrades toward 
lower frequencies and in germane, towards higher frequencies. This is shown to be due to the 
relative position of the infra-red inactive frequency, v2 to which the perturbation is due. 


TETRAHEDRALLY symmetrical mole- 

cule like CH,, SiH, or GeH, belongs to the 
symmetry group, Ta and two triply-degenerate 
fundamental vibrational frequencies should occur 
in the infra-red, the symmetry of both corre- 
sponding to the irreducible representation of the 
group, F2. Since the molecules are spherical tops, 
the rotational structure of either band should 
consist of simple P, Q and R branches, resembling 
the perpendicular bands of a linear molecule. 
The centers of these two regions of absorption! in 
methane occur at approximately 3014 and 1306 
cm™!, respectively, and while the former band is 


1 Nielsen and Nielsen, Phys. Rev. 48, 864 (1935). 


essentially of the theoretical appearance, the 
latter is considerably more complex than was 
expected. 

The anomalous spacing between rotational 
lines in bands of this sort is now well understood 
and is due to a Coriolis interaction between 
vibration and rotation, the explanation having 
been given by Teller? and further elaborated by 
Johnston and Dennison.’ A perturbation of this 
kind, however, cannot account for the complex 
structure of the low frequency fundamental, v4. 
A different sort of Coriolis interaction has been 

2 Teller, Hand- und Jahrbuch d. chem. Physik (1934), 


Vol. 9, p. 125. 
3 Johnston and Dennison, Phys. Rev. 48, 868 (1935). 





discussed by Wilson* which results from the 
presence of a nearby vibrational state and which 
causes both a shift and a splitting of the energy 
levels. Recently the complete theory of this 
effect has been given and applied to the v4 band 
of methane by Childs and Jahn.° The perturba- 
tion in this case arises from the infra-red inactive 
frequency, v2 which appears in the Raman effect 
‘and which belongs to the doubly degenerate 
representation, E of Ta. The theory has also been 
applied to the spectrum of deutero-formaldehyde 
by Nielsen.® 
It is the purpose of this paper to make similar 
calculations for silane and germane and it will 
be seen that in spite of the approximate character 
of some of the data, the theoretical spectrum is in 
good agreement with that observed. The method 
of calculation is explained in considerable detail 
by Jahn’ and by Childs and Jahn.' The theory 
has also been discussed independently by Shaffer, 
Nielsen and Thomas,’ who obtain results in agree- 
ment with those of Jahn. The procedure of Jahn is 
as follows. The correct vibrational-rotational wave 
functions for v4 and v2 are first found and from 
these are calculated the matrix elements of the 
Coriolis operator and the perturbed energy levels. 
The theoretical intensities of each of the fine struc- 
ture lines are then calculated and the spectrum 
plotted. Since the experimental resolving power is 
insufficient to detect the complicated spectrum 
which results, anenvelope of the structure is drawn 
which is then compared with the observed data. 
The calculations on CH, have been made to in- 
clude the lines’ lying between R(0), Q(1), P(1) and 
R(9), Q(9) and P(8), presumably because this 
was the limit of the observed spectrum. The 
absorption of both silane!® and germane," how- 
ever, extends over a somewhat larger region than 
that of methane and it seemed worth while to 
extend the calculations to higher values of the 
rotational quantum number for these cases. 
The wave functions given by Jahn’ made it 
4 Wilson, J. Chem. Phys. 4, 313 (1936). 
5 Childs and Jahn, Proc. Roy. Soc. A169, 451 (1939). 
6 Nielsen, Phys. Rev. 55, 289 (1939). 
7 Jahn, Proc. Roy. Soc. A168, 469-95; 495-518 (1938) 
8 Shaffer, Nielsen and Thomas, Phys. Rev. 55, 878; 56, 
895, 1051 (1939). 
® Following the established nomenclature in the spectra 
of diatomic molecules, we always write J=J", the rota- 
tional quantum number of the lowest level. 


10 Steward and Nielsen, Phys. Rev. 47, 828 (1935). 
1 Steward and Nielsen, Phys. Rev. 48, 861 (1935). 
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possible to obtain the matrix elements and 
resulting levels to include Q(10), P(9) and P(10) 
which gave 25 more lines than those obtained by 
Childs and Jahn.® Extension of the wave func- 
tions to still higher quantum numbers would 
involve a considerable amount of labor and 
since the observed and calculated spectra are in 
good agreement, no further wave functions were 
obtained. A preliminary graph, however, showed 
that the additional 25 lines changed the appear- 
ance of the Q and P branches of silane con- 
siderably and as will be shown later, still higher 
energy levels would be useful in these two cases. 

Simple considerations show that the spectrum 
of both SiH, and GeH, will be expected to extend 
over a wider range than that of CH, before the 
intensity reaches a similar value. In CHg,, for 
example, the weakest lines in the P(8) levels have 
an intensity of 5, while in SiH, the corresponding 
value is 9 and in P(10) there are lines as strong 
as 18. In GeH,, the corresponding figures are 6 
and 12. The theoretical intensities depend upon 
four factors: (1) the transition amplitude ; (2) the 
statistical weight or degeneracy of the rotational 
level; (3) the nuclear spin degeneracy; (4) the 
Boltzmann factor. Since the first three of these 
quantities are the same for CH,4, SiH, and GeH,, 
any difference in intensity in the three spectra 
is due to the Boltzmann factor. The latter is 
exp (—Ehc/kT) where E=BJ(J+1), approxi- 
mately and the corresponding values of B are 
5.25, 3.10 and 3.95 cm, respectively. These 
differences change the Boltzmann factor corre- 
spondingly and hence the total intensity of the 
rotational line is greater for SiH, and GeH, than 
for CH4. Examination of Table VI in the paper 
of Childs and Jahn® or Table III below shows 
that the strongest rotational lines are those of 
symmetry Aor Ae. From Table IV, page 490 of 
reference 7, it is seen, unfortunately that it is just 
these levels and matrix elements which are most 
difficult to evaluate. We will therefore only use 
the information available in the papers of Jahn 
rather than calculate higher levels. 


MATRIX ELEMENTS OF THE CORIOLIS 
OPERATOR, A 


The method of obtaining the matrix elements 
of the Coriolis operator is given in detail in 
Jahn’s paper and need not be repeated here. 
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TABLE I. Matrix elements of the Coriolis operator, A. 
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The results for the Q branch, J=10 and the P 
branch, J=9 and 10 are given in Table I, 
extending Table IV, page 510 of reference 7. 


THE PERTURBED ENERGY LEVELS 


The wave numbers of the unperturbed lines, 
but taking into account the Coriolis interaction 
of Teller, ¢ are given by: 


R(J) =»4+2B*(J+1) 
QJ) =v: (1) 
P(J) =v4—2B*J, 


where B*=B(1—¢); ¢h is the internal angular 
momentum and v4 includes the vibrational fre- 
quency as well as an additional term in ¢ which 
is independent of J. The exact form of the latter 
is given by Johnston and Dennison.’ We also 
take B’= B’’ =B, that is, we neglect any change 
of the moment of inertia of the molecule as well 
as any centrifugal distortion, since these terms 
are probably small. The interaction of v4 with v2 
causes each of the lines of Eq. (1) to split, the 
perturbation being obtained from the coefficients 
of the Coriolis operator, A. These perturbations 
must be further corrected for the R and the P 
branch as described by Jahn, since the energy 
difference between the levels of v2 and v4 varies 
with J, on account of Teller’s coupling term. 
The uncorrected perturbations are determined 
in the following way. Form the Hermitean 
square, AA’ of the matrix of the coupling 
coefficients, where A’ is the transposed of A and 
the elements of the latter are the a;; of Jahn, 


TABLE I.—Continued. 








Q(10) =A1+A2+2E+4+3F142F2 
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Table IV, p. 512). 





* The matrix elements for 2F1 and 3F2 are given by Jahn (reference 7, 
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TABLE II. Eigenvalues of the Hermitean square matrix of the 
coupling coefficients.* 








P Branch 
J=9 J=10 
A; 161.65 A; 150.06 
A» 124.00 Ao 28.80 
E 95.76 E’ 25.71 
F,’ 30.44 Daa 184.98 
rad 149.33 Fi! 121.99 
F,! 22.18 ag 176.24 
F,!” 101.36 F,! 26.69 
Pld 145.64 F," 111.83 
F,”’ 194.77 
Q Branch 
J=10 

A, 330.25 

As 120.80 

E’ 60.48 

E” 335.59 

PF,’ 41.12 

Sag 185.76 

be 378.85 

= 75.58 

F,!’ 169.30 








* Jahn (reference 7, page 516, Table V) designates the levels with the 
symbols J’ 77 while we use the notation commonly used in the spectra of 


diatomic molecules, J =J”. 


Table IV, page 510 or Table I, above. The 
matrix AA’ has m rows and n columns and any 
element not given explicitly in the tables is zero. 
The latent roots or eigenvalues of AA’, €;* are 
simply related to the uncorrected perturbations 
as shown below and although the results are 
approximate, they are sufficiently precise for our 
purpose. They could be improved by direct 
diagonalization of the original energy matrix. 
The eigenvalues may be found by applying an 
iterative method directly to the matrix” but we 
have found it more convenient to expand the 
secular determinant in powers of \. The two roots 
of the quadratic equations were determined in 
the usual manner and the cubic equations were 
solved: by Graeffe’s root-squaring method." 
Higher equations do not appear until J=13, 
where a biquadratic occurs. 

The uncorrected perturbations for the rota- 
tional sublevels are then given by (B'fo1"e,*)/A 
where A=vo— 4; £242=M/(2mo+M); my is the 
mass of the central atom; m, the mass of the 
hydrogen atom and M=m,+4m, the total mass 
of the molecule. In the case of methane, the nu- 
merical factor f= B*f22/A is approximately 0.05 

2 Frazer, Duncan and Collar, Elementary Matrices (Cam- 
bridge Press, 1938). 


13 Scarborough, Numerical Mathematical Analysis (The 
Johns Hopkins Press, 1930). 
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cm-! and although Jahn’ does not give the 
eigenvalues directly, they may be easily ob- 
tained from his uncorrected perturbations (refer- 
ence 7, Table V, page 516) by multiplying each 
value by 20. It should be noted that the eigen- 
values themselves may be used for any tetra- 
hedrally symmetrical molecule, the uncorrected 
perturbation for a particular case then being 
obtained merely by the use of the appropriate 
numerical factor, f. For this reason, we give in 
Table II the eigenvalues themselves for the levels 
P(9), P(10) and Q(10). 


THE SPECTRUM OF SILANE 


The absorption of silane in the 10.54 region, 
corresponding to the frequency, v4 is shown in 


TABLE III. Rotational sublevels of silane and germane. 














SILANE GERMANE 
LEVEL INTENSITY v, CM7! INTENSITY v, CM~ 
R Branch 

J=0, Ai 15 913.4 15 938.1 
1 F, 15 916.6 14 942.4 
st & 13 919.8 a2 946.8 
F, 19 919.7 19 946.9 

3 Fe 23 922.9 22 951.3 
F, 23 922.8 22 951.5 
A, 38 922.5 36 951.8 
4 A, 41 926.2 38 955.7 
F, 24 926.0 22 956.0 
E 16 925.8 15 956.1 
F. 24 925.4 22 956.7 

5 F,’ 25 929.1 22 960.4 
F, 25 928.8 22 960.8 
E 17 928.2 15 961.8 
F,"’ 25 928.1 22 962.0 

6 £E 16 932.2 14 965.2 
F,! 24 932.1 20 965.3 
A 40 931.9 34 965.7 
F,!’ 24 931.0 20 967.2 
F, 24 930.7 20 967.5 
A, 40 930.5 34 967.9 

ime 22 935.3 18 970.0 
Ff’ 22 935.1 18 970.2 
A, 37 934.1 29 972.2 
F,” 22 933.7 18 972.8 
E 15 933.5 12 973.2 
F,!" 22 933.1 18 973.8 

8 A; 32 938.4 24 974.8 
F,’ 19 938.3 14 975.0 
E’ 13 938.3 10 975.1 
F,! 19 936.8 14 978.0 
F," 19 936.2 14 979.0 

P ad 13 935.7 10 980.0 
F,!’ 19 935.6 14 980.3 

9 F,’ 16 941.5 11 979.9 
F,’ 16 941.5 11 980.0 
E 11 939.6 8 983.9 
F,"" 16 939.5 11 984.2 
As 27 938.8 19 985.4 
aa 16 938.2 11 986.7 
Fy” 16 938.0 11 987.1 
A, 27 937.8 19 987.5 
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SILANE GERMANE SILANE GERMANE 
LEVEL INTENSITY v, CM7! INTENSITY v, CM! LEVEL INTENSITY vy, CM™! INTENSITY v, CM! 
P Branch Q Branch 

J=z1, F; 3 906.6 3 929.9 J=1, fi 9 909.9 9 934.1 
2E 5 903.2 5 925.8 2 #K, 14 909.7 13 934.3 
F, 8 902.9 8 926.1 . E 9 909.4 9 934.6 

3 Fy 12 899.7 12 921.8 3 Ae 29 910.0 28 934.0 
F, 12 899.1 12 922.2 F2 18 909.2 17 934.8 
A, 21 898.4 20 922.8 F, 18 908.6 17 935.4 

4 A, 26 896.4 24 917.6 4 FP, 20 909.6 18 934.4 
Fy 16 895.8 14 918.0 E 13 908.2 12 935.7 

E 10 895.4 10 918.3 Fy, 20 907.8 18 936.2 
F, 16 894.2 14 919.1 Ae 33 907.1 31 936.8 

5 F,! 17 892.6 15 913.8 5 F, 21 909.3 19 934.7 
F, 17 891.8 15 914.2 E 14 908.9 12 935.1 

E 12 890.0 10 915.4 F, 21 906.7 19 937.2 
F,!" 17 889.7 15 915.7 F," 21 905.9 19 938.0 

6 E 12 888.9 10 909.9 6 Ae 35 909.4 29 934.6 
F,! 18 888.7 15 910.0 F, 21 908.7 18 935.2 
Ag 29 888.0 25 910.4 Fy’ 21 908.0 18 936.0 
F,!" 18 885.6 15 911.9 A 35 905.1 29 938.7 

F, 18 885.0 15 912.2 F," 21 904.3 18 939.5 
A, 29 884.5 25 912.6 E 14 904.1 12 939.7 

7 F,’ 17 885.2 13 905.9 7 #F,’ 19 908.8 16 935.1 
Fi’ 17 884.8 13 906.1 E 13 907.8 10 936.2 
A, 28 881.8 22 907.8 F,! 19 907.1 16 936.8 
Fi” 17 880.7 13 908.4 As 32 905.8 26 938.1 

E 11 880.1 9 908.8 F,”" 19 902.3 16 941.5 
F,” 17 879.2 13 909.3 F," 19 901.9 16 941.9 

8 Ai 26 881.6 19 901.9 8 F,’ 17 908.4 13 935.5 
F,’ 15 881.3 11 902.0 FE’ 12 908.0 9 936.0 
E’ 10 881.2 8 902.1 F,! 17 906.3 13 937.6 
F,! 15 876.7 11 904.4 F," 17 904.5 13 939.3 
F,"’ 15 875.1 11 905.2 gE” 12 899.6 9 944.1 
ad 10 873.6 8 905.9 F,/" 17 899.4 13 944.3 
FF," 15 873.2 11 906.2 As 29 899.1 22 944.6 

9 F,! 13 877.7 9 898.0 9 A; 25 908.4 17 | 935.6 
F,’ 13 877.0 9 898.3 F,' 15 907.8 10 936.2 

E 9 871.6 6 900.8 F,’ 15 907.0 10 936.9 
re” 13 871.2 9 901.0 A, 25 905.1 17 938.8 
A» 22 869.3 15 901.9 F,”’ 15 903.1 10 940.7 
F,!"' 13 867.5 9 902.7 E 10 902.6 7 941.2 
FF," 13 867.2 9 902.8 F,!’ 15 896.4 10 947.2 
A, 22 866.2 15 903.3 he 15 896.2 10 947.4 
10 EF’ 7 873.8 5 894.0 10 F,’ 12 907.9 8 936.1 
F,! 11 873.8 7 894.0 E’ 8 906.9 5 937.0 
Ao 18 873.6 12 894.1 F,! 12 906.1 8 937.8 
F,/’ 11 866.2 7 897.2 Ao 20 903.8 13 940.0 
F,’ 11 865.3 7 897.6 F,/" 12 901.3 8 942.5 
A, 18 862.9 12 898.6 F," 12 900.4 8 943.3 
F," 11 860.6 7 899.6 A 20 893.0 13 950.5 
Pd 7 859.8 - 5 899.9 E"” 8 892.7 5 950.8 
rm" 11 858.9 7 900.3 i 12 890.4 8 952.9 















































Fig. 4 of reference 10 and the Raman frequency, 
ve has been observed in gaseous silane by Stitt 
and Yost.'* The numerical values are »4,=910 
cm-!; yg=978 cm—!. From Steward and Nielsen,!° 
we also take [5 =8.9X10-* ¢ cm? and B=3.105 
cm~!, Since valency and deformation modes of 
vibration are good approximations in the case of 
CH,4, according to Rosenthal,!® it seems per- 


14 Stitt and Yost, J. Chem. Phys. 4, 82 (1936). 
15 Rosenthal, Phys. Rev. 45, 538 (1934); cf. also refer- 
ences 7 and 3. 


missible to make the same assumption here, 
giving ¢4=0.454 and f2=0.364. The value of 
A=+68.0 cm and the numerical factor 
f=0.0516 cm. If Jahn’s uncorrected perturba- 
tions for CH, are applied directly to SiH, the 
error will amount to about 1 cm™ for the largest 
perturbation. The exact values are obtained by 
multiplying his values by 1.032 and the numbers 
in Table II by 0.0516. Approximate values of 
the position of the P, Q and R branch lines were 
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Fic. 1. Theoretical envelope of the 910 cm™ fundamental vibrational band of silane showing fine 
structure caused by the Coriolis perturbations. The experimentally observed lines of Steward and 


Nielsen are shown above. 


calculated from Eq. (1) and to each was added 
the appropriate perturbation. The uncorrected 
values were adjusted as explained above and 
final correction made to the P and R branches 
to account for the energy difference between 
initial and final levels. The resulting calculated 
values of the wave numbers are given in Table 
III, where we depart from the nomenclature of 
Childs and Jahn in designating the doubly and 
triply degenerate rotational sublevels with one 
or more primes, instead of using exponents in 
parentheses. The intensity of each line is ob- 
tained as described by Childs and Jahn.> We 
have, however, taken T=298°K, giving hc/kT 
= 4.8188 X10-*. The resulting intensities are also 
found in Table III. Each of these lines has then 
been plotted on a large scale (1 mm=0.1 cm~) 
with an arbitrary scale for intensity (10 mm =in- 
tensity 5). According to Steward and Nielsen,'® 
the spectrometer slits were 0.7 cm and 1.0 cm7! 
for the high frequency and low frequency sides 
of the band, respectively, readings being taken 


along the band at intervals of 0.7 cm—!. We have 
therefore replaced each line by a triangle with 
base of 2 cm~ and drawn an envelope of the 
spectrum, areas of overlapping triangles being 
added together. In order to make comparison 
with the observed results, the envelope was then 
redrawn on a smaller scale in the following way. 
From the reproduction of Fig. 4 of Steward and 
Nielsen,!° we have arbitrarily chosen a base line, 
corresponding to a galvanometer deflection of 
about 18 cm. The ratio of the height of the 
strongest line (No. 16) to the scale of wave 
numbers was then estimated. Our Fig. 1 was 
then drawn with the same ratio of ordinate to 
abscissa. For convenience in comparison, the 
measured lines of Steward and Nielsen are given 
on the same figure. Comparison should be made, 
however, with the published curve of the latter 
where the numbering of the lines corresponds 
with that of Fig. 1. It should be noted, however, 
in the experimental curve that some fairly 
prominent points, especially on the low fre- 
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Fic. 2. Theoretical envelope of the 934 cm fundamental vibrational band of germane showing fine 
structure caused by the Coriolis perturbations. The experimentally observed lines of Steward and Nielsen 


are shown above. 


quency side of the Q branch, have not been 
measured. The theoretical curve indicates that 
some of them at least are probably significant. 

We have also indicated on Fig. 1, as far as 
possible, the line or group of unresolved lines 
belonging to the members of the P and R 
branches. Reference to Table III, shows that 
this is only an approximation, since there is 
considerable overlapping of lines with different J 
values, especially as J becomes larger. 

Several interesting agreements between the 
theoretical and the observed spectra may be 
noted. The structure of the maximum of the Q 
branch is very nearly the same in both cases. 
Weak lines, corresponding with 17 and 18 are 
seen to be the first two members of the R branch, 
the intensity building up strongly to a maximum 
at about line 21. The theoretical curve also 
predicts a maximum in the R branch at that 
point, the height being nearly equal to that of 
line 16 in the Q branch. Somewhat more of the 
observed band might be calculated if the wave 
functions and matrix elements were available 
but we have no explanation to offer for the strong 
absorption at line 28 although Jahn and Childs" 
suggest that it might be due to activity im- 
parted to the Raman frequency by the perturba- 


16 Jahn and Childs, Nature 141, 916 (1938). 


tion. One further point is of considerable interest. 
Stitt and Yost" propose an alternative assign- 
ment of frequencies with v;=978 cm— and v2 not 
yet observed. They believe this to be unlikely 
and the good agreement of our calculated 
envelope with the observed spectrum offers 
further indication that their assignment is cor- 
rect. It is also interesting to note that if the 
unobserved Raman frequency were lower than 
v4, the Q branch would overlap the R branch 
instead of the P branch. It is just such a situation 
which arises in GeH, as previously pointed out 
by Jahn and Childs" and as may be confirmed 
by examination of Fig. 2 and the discussion 
below. 


THE SPECTRUM OF GERMANE 


The 10.74 band of germane" is of the same 
complexity as that of methane and silane but 
the resolution is apparently better than in the 
case of silane. The center of absorption, v4=934 
cm and although the Raman spectrum has not 
been observed, v2 has been estimated as 820 cm=! 
by Steward and Nielsen." They also get J»>=7.0 
x10-" g cm’, giving B=3.95 cm. Using 
valency and deformation modes of vibration, 
64=0.482 and £242 =0.345. The value of A= —114 
cm! and the numerical factor f= —0.0472 cm-. 





‘ 





As before, the uncorrected perturbations for 
methane may be used by multiplying them by 
0.944. But because of the uncertainty in the 
value of ve, we have taken the uncorrected 
methane perturbations and used them directly, 
except for a change in sign. The resulting error 
is about 1 cm~! in the largest perturbation pro- 
vided the value of v2 is correct. The uncertainty 
in the latter quantity makes this case less exact 
than that of methane and silane but the resulting 
energy levels are probably exact enough, con- 
sidering the other approximations made in the 
calculations. The calculations are identical with 
those in the case of silane, the wave numbers 
and intensities of the rotational lines being given 
in Table III. The experimental slit width for 
germane was 0.6 cm~ and the calculated lines 
have been plotted as triangles of base corre- 
sponding to twice this amount. The resulting 
envelope is shown in Fig. 2, where as before the 
resulting large scale plot was redrawn so that 
the ratio of ordinate to abscissa is proportional 
to that of Steward and Nielsen’s published figure 
(reference 11, Fig. 3). Comparison with this 
figure shows gratifying similarity between calcu- 
lated and observed spectra although the agree- 
ment is here perhaps not as good as in the case 
of methane and germane. The Q branch for 
example is not as sharply defined on the low 
frequency side as the theory predicts and the 
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presence of the very strong line 10 is not ex- 
pected. This and the broad structure of the Q 
branch on the low frequency side indicate that 
some lines other than those belonging to the 
fundamental may be superimposed at this point. 
Something of this sort has been suspected as due 
to transitions from higher vibrational levels by 
both Steward and Nielsen" and by Sutherland.!” 
An interesting feature is that the Q branch 
overlaps the R branch, the effect being similar 
to the degradation of a band from the head 
which is observed in diatomic molecules. The 
fact that the Q branch degrades to high frequency 
here and to low frequency in the case of silane, 
is due to the fact that in this case, the inactive 
frequency is lower than v4 and vice versa in 
the case of silane. This changes the sign of the 
perturbation, since the latter depends on the 
sign of A. The effect was previously predicted by 
Jahn and Childs.’ It should prove useful in 
confirming the assignment of vibrational fre- 
quencies in the case of other tetrahedrally sym- 
metrical molecules, since even if the rotational 
structure is not completely resolved, the unsym- 
metrical shape of the Q branch might enable a 
prediction to be made as to whether the Raman 
frequency is higher or lower than the infra-red 
frequency. 


17 Sutherland, Proc. Camb. Phil. Soc. 35, 341 (1939). 
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Spectroscopic Measurements of Gaseous CN 


I. Dissociation in the Electric Discharge 


Joun U. WuHITE* 
University of California, Berkeley, California 


(Received September 18, 1939) 


Free CN radicals in the gaseous state are formed in the 
electric discharge through cyanogen. By the use of a very 
intense low pressure spark as a background the 0,0 and 1,1 
bands of the 22-+*2 transition of CN have been observed in 
absorption at short intervals of time after the end of this 
discharge. The intensities of the lines of the bands were 
measured by means of microphotometer traces of the 
spectra and of the characteristic curve of the photographic 
plate. They were corrected for the incomplete resolution 
of the spectrograph. Relative concentrations of CN were 
calculated from the sums of the intensities of the lines. The 
rate of disappearance of CN after the end of the discharge 
was studied and found to be the same over a large range of 
pressure and dilution with argon. A mechanism is proposed 
to account for this. In all cases the disappearance was 


exponential with a mean half-life of 11 milliseconds. The 
half-life of the first excited vibration state was 3 milli- 
seconds, during which time about 10,000 collisions occurred. 
By dilution of the cyanogen in the discharge tube with 
argon until the CN bands were no longer visible the partial 
pressure of CN could be calculated on the assumption that 
near this point all the cyanogen present was observed in 
the form of CN. The minimum detectable pressure of CN 
was of the order of 2X10-* mm. The absolute f value of 
the *Z-»*E transition is 0.026 (+0.006). By using the 
corresponding absolute absorption coefficient and the 
observed temperature distribution in a carbon arc the 
partial pressure of CN present in an arc is calculated to be 
of the order of 10 mm. 





INTRODUCTION 


ROM the known emission spectra of diatomic 

molecules their energy levels, electron con- 
figurations, and relative transition probabilities 
have been derived. Very little information about 
their lifetime, properties, or absolute concentra- 
tions and absolute transition probabilities has 
been found. While the properties of the stable 
molecules are well known, those of most free 
radicals like CN and NH are not. As shown by 
Oldenberg,! a study of the absorption spectra of 
the latter constitutes a valuable method for 
investigating them. The presence in the sun of 
OH, NH, CN, and CH is indicated by their 
absorption spectra,? but of these only OH has 
previously been studied carefully in the labora- 
tory at room temperatures.! SH has been ob- 
served by Lewis and the author,* and some of 
the aluminum halides have been found in absorp- 
tion by Miescher‘* at slightly higher temperatures. 
While the strongest absorption of most stable 
molecules lies in the far ultraviolet, that of most 





*Now with Standard Oil Development Company, 
Eilzabeth, New Jersey. 

'O. Oldenberg, J. Chem. Phys. 3, 266 (1935). 

*H. N. Russell, Astrophys. J. 79, 317 (1934). 

*M. Lewis and J. U. White, Phys. Rev. 55, 894 (1939). 

*E. Miescher, Helv. Phys. Acta 9, 693 (1936). 
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common free radicals occurs in the visible or 
near ultraviolet. Thus spectroscopic investigation 
can be used to supplement chemical methods 
where the latter are weakest. 

The violet 22? system of CN, the 0,0 band 
of which lies at \3883, is the resonance system 
of this molecule, and its absorption should con- 
stitute a sensitive test for the presence of free 
CN. Heretofore this band has been observed in 
absorption only as a result of thermal dissociation 
in the sun and stars? and in the laboratory.® 
In the present work its lifetime, absorption 
coefficient, and other properties are studied at 
room temperature by means of its absorption 
spectrum. The method of observation is based 
on that used by Oldenberg in studying the life- 
time of OH. The fundamental steps are: 


(1) Formation of the radicals by an electric discharge; 

(2) Passage of a brief flash of white light through the 
absorption tube immediately after the discharge; 

(3) Dispersion of the white light in a spectrograph of high 
resolving power; j 

(4) Measurement of the amount of light absorbed by the 
lines of the CN band spectrum. 


As no source has been found bright enough to 


allow this measurement to be made with a 


°G. B. Kistiakowsky and H. Gershinowitz, J. Chem. 
Phys. 1, 432 (1933). 
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single flash of light, it is necessary to repeat the 
cycle many times and integrate the spectrum on 
a photographic plate. 


APPARATUS 


The apparatus consisted of an absorption tube 
and vacuum system for flowing C2Ne through it 
continuously, a radiofrequency oscillator fitted 
with electrodes to pass a discharge through the 
absorption tube, a source of continuous radiation, 
a 21-foot concave grating spectrograph, and a 
synchronous motor driving the switches and an 
optical shutter. 

The cyanogen was prepared in an all-glass 
system by heating Merck’s C.P. grade Hg(CN)2 
in an electric furnace to 400°C, after a pre- 
liminary baking in vacuum at a lower tempera- 
ture to drive off water vapor and adsorbed air. 
The cyanogen generator was specially designed. 
with a movable heating coil and outlets at each 
end to reduce the losses from the sublimation of 
the Hg(CN)s2. The cyanogen thus made had a 
vapor pressure of 9.5 mm over dry ice which is 
so close to the 9.6 mm observed by Perry and 
Bardwell® at this temperature that the gas was 


6 J. H. Perry and D. C. Bardwell, J. Am. Chem. Soc. 47, 
2629 (1925). 
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The vacuum system. 


used without further purification. The main part 
of the discharge tube was 70 cm long and 15 cm 
in diameter. Since cyanogen polymerizes in an 
electric discharge to dark brown, solid para- 
cyanogen, special precautions had to be taken 
to keep the windows free of it. They were 
mounted on smaller tubes sealed on each end of 
the large one and further protected by a con- 
tinuous flow of cyanogen from them toward the 
middle of the tube. The cyanogen was kept in a 
reservoir of large glass bulbs, from which its 
flow was regulated by a stopcock, and finally 
reclaimed over liquid air. As it was desired to 
flush out the discharge tube completely and 
remove all products of the preceding discharge 
between each cycle, a very rapid pumping 
system was required. A large mercury pump, 
backed by a Megavac pump, was able to flush 
out the discharge tube three times between each 
cycle at the lowest pressures used and 1.2 times 
at the highest. Pressures were read on a McLeod 
gauge and rates of flow on a previously calibrated 
pressure difference gauge across a constriction. 
By putting a dry-ice bath on a coil of glass 
tubing the mercury vapor was at first removed 
from the incoming gas. As it was latter found to 
have no effect, the coil was removed. After 
every 1000 cycles the paracyanogen was burned 
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out of the discharge tube by a discharge through 
oxygen at low pressure. The exhaust from the 
pumping system was led at a pressure slightly 
below atmospheric to an aspirator where any 
cyanogen was washed down the drain with a 
large amount of water. Fig. 1 shows a diagram 
of the vacuum system. 

The source of the background radiation was 
the Lyman continuum of a low pressure spark, 
which gave exposures about three hundred times 
as fast as the next best alternative, a tungsten 
strip filament bulb. Its characteristics, amply 
described in the literature,’ are ideal for taking a 
series of rapid snapshots. A 1-uf condenser was 
charged to 15,000 volts by a Thordarson trans- 
former with a completely insulated secondary 
and kenotron rectifier tube and discharged 
through a 2-mm quartz capillary about 3 cm 
long. Breakdown was regulated by a tickler 
electrode in an auxiliary spark gap in series 
with the discharge tube. To make this repro- 
ducible the two sides of the auxiliary gap had to 
be held at equal and opposite potentials relative 
to the grounded tickler in the center. A high 
resistance with a grounded center across the 
condenser accomplished this and, with a milli- 
ammeter in series, served as a voltmeter. 

The discharge that formed the CN radicals in 
the absorption tube was made with a radio- 


7 J. A. Anderson, Astrophys. J. 75, 394-406 (1932). 


frequency oscillator® connected by a resonant 
transmission line to two large iron electrodes on 
each side of the absorption tube. These were 
bent around until the discharge appeared uni- 
form throughout the tube. The oscillator was 
run with 60-cycle a.c. on the plate, and keyed 
by cutting off the filament power supply during 
the dead half-cycle. The water cooling leads were 
arranged so that when the main power supply 
was cut off the filament became much more 
positive than the grid. A milliameter in the d.c. 
power supply gave a ballistic reading of the 
intensity of each flash of the discharge. While it 
would not give quantitative relations without 
further calibration, it would give qualitative 
indications and show when discharges were of 
equal intensity. 

The oscillator and spark discharge were coordi- 
nated accurately to a thousandth of a second by 
a switching system driven by a synchronous 
motor. In each circuit there were two switches in 
series, one on a fast and one on a slow shaft. 
The oscillator switches were arranged to pass 
one half-wave of 60-cycle a.c. every twenty 
seconds. The switches in the other circuit acted 
through a Ford ignition coil to break down the 
spark gap a short time later. The time interval 
between them was varied by adjusting the angle 
between the switches in the two circuits. An 


* D. H. Sloan, R. L. Thornton, and F. A. Jenkins, Rev. 
Sci. Inst. 6, 75 (1935). 
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Fic. 2. Wiring diagram. 


optical shutter protected the plate from emission 
during the discharge. As a synchronous motor 
will run equally well on either sense of the 
current, a neon bulb was operated on half-wave 
rectified a.c. near a white mark on the switch 
to show by the stroboscopic effect in which 
position the motor was running (see Fig. 2). 

As Oldenberg has pointed out,! very high 
resolving power is needed to observe faint, 
narrow absorption lines like the individual ones 
in a band. The spectrograph was a 21-foot 
aluminum concave grating ruled 30,000 lines to 
the inch and giving a dispersion of 4.4 cm~ per 
millimeter at \3883 in the second order. Its 
theoretical resolving power of 330,000 is about 
equal to the Doppler half-intensity width of the 
lines of the violet CN bands under the conditions 
here used. Actually the observed resolving power 
was about a third of the theoretical. Under these 
conditions only the areas of the lines could be 
measured directly, not the maxima of the ab- 
sorption coefficients. A cylindrical lens of crystal- 
line quartz placed in front of the plate as 
recommended by Oldenberg® increased the in- 
tensity by a factor of fifteen. 

All the exposures necessary to determine a 
rate constant under any set of conditions were 
put on the same plate. Also on the same plate 
there was put an exposure through a step 
weakener transmitting known fractions of the 
incident light. The step weakener was made of 


*Q. Oldenberg, J. Opt. Soc. Am, 22, 441 (1932). 
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sputtered platinum on quartz and calibrated 
with a quartz photo-cell and monochromator. 
The weakener was used directly in front of the 
plateholder. Eastman 33 plates were used 
throughout and developed for five minutes in 
M-Q developer. Microphotometer traces of the 
spectra and of the calibration marks on each 
plate were made on a Zeiss recording micro- 
photometer. The amounts of blackening corre- 
sponding to the different steps of the step 
weakener were measured on each plate and 
plotted against its known transmission intensities 
to get calibration curves for the different plates. 
The blackenings of the different lines and 
corresponding backgrounds were similarly meas- 
ured and corrected to intensities by the calibra- 
tion curve for the particular plate. The fraction 
of the incident light apparently absorbed by 
each line was obtained by dividing the corrected 
intensity of the line by that of the background. 
Several test calibrations that were made on one 
plate with the spark source at different sparking 
rates and with a tungsten filament bulb indi- 
cated that there was no trouble from the inter- 
mittency effect in this experiment. The probable 
error in the photometric measurements is of the 
order of ten percent. 


MEASUREMENTS 


A preliminary experiment with a d.c. discharge 
gave strong absorption of the CN band in the 
first order as explained in a previous communi- 


TABLE I. Half-life of CN radicals in milliseconds as a function of pressure and dilution with argon. 
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Fic. 3. Successive CN absorption spectra. 


cation.!° It is now clear that the peculiar rate 
reported there was caused by a very short half- 
life coupled with the insufficient resolution in the 
first order of the grating and emphasized by 
the great intensity of the absorption. In a second 
preliminary experiment a radiofrequency dis- 
charge was used, but the contents of the discharge 
tube were only changed after every 500 flashes 
instead of after every flash. Although the cor- 
rection for poor resolving power, derived later, 
was not applied, the weaker absorption made it 
less necessary. The order and rate of the dis- 
appearance were calculated approximately and 
found comparable to the final more accurate 
results. . 

On each plate of the final experiment, made 
with the apparatus described above, there were a 
number of exposures taken at intervals of 0.005 
second after the end of the discharge. They were 
taken irregularly, rather than in the order of 
increasing time, to find out whether there was 
any effect of running the tube after it had been 
cleaned with oxygen. None was found. On some 
of the plates exposures were made with two 
different discharge intensities, and the rates for 
the two calculated independently. Plates were 


10 J. U. White, J. Chem. Phys. 6, 294 (1938). 


taken under a large variety of conditions of 
pressure and dilution where a glow discharge 
could be maintained and the CN absorption 
spectrum observed. The intervals of dilution 
were factors of ten, of pressure the square root 
of ten. Twenty-two such plates were taken at 
all combinations of 0.15, 0.475, 1.5 and 4.75 mm 
total pressure and dilutions of zero, 9 : 1, 99 : 1, 
999: 1, 9999: 1, and 99,999: 1 except pure 
cyanogen at 4.75 mm and the lowest pressure 
and greatest dilution. All 22 of these showed 
visible absorption on the first exposure, but only 
on 16 does it last long enough to permit a 
measurement of its rate of disappearance. All 
but these 16 spaces are crossed off in Table I, 
and in the 9 of the 16 for which the calculations 
were made there are shown the corresponding 
half-lives of the CN radicals. 

A typical series of exposures, with the times 
when they were taken, is shown in Fig. 3. As the 
overlapping of the lines of the P branch near 
the band head makes accurate measurements of 
their intensities impossible, only the first 18 
lines of the R branch were used in the calcu- 
lations. 

The light source was so much more intense 
than the discharge that formed the CN radicals 
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that their absorption spectrum could be ob- 
served at any time during the discharge without 
appreciable trouble from emission. A few ex- 
posures were taken during the discharge, in- 
cluding two at the two lowest partial pressures 
where absorption was observed. One of them 
shows that during the discharge there was about 
four times as much CN present as immediately 
after it. The lines of the weaker, 1,1 band, which 
were also observed in absorption on all the plates 
immediateiy after the discharge where the 0,0 
band was intense, were measured and reduced 
in the same way as those of the 0,0 band. 

The measurement of the areas of the absorp- 
tion lines needed for the correction for incomplete 
resolution is the least accurate procedure in the 
experiment. As it was impractical to do this for 
every line, the areas and maxima of about 40 
representative lines in different parts of the band 
were measured on large scale microphotometer 
traces and corrected with the calibration curve 
of the plate. The graph relating the two is shown 
in Fig. 4. It was found that for the first 18 lines 
the spin doublet separation was so much smaller 
than the effective resolving power that the ratio 
of area to maximum was constant. Beyond this 
point it began to increase. This graph was used 
to convert all the other maxima to areas. 


CALCULATIONS 


Correction for incomplete resolution 


In the case of complete resolution of the line 
form the apparent fraction of light absorbed, 
which can be measured directly, is the true 
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Fic. 4. Relation between area and maximum intensity 
of the lines. 


maximum fraction, for incomplete resolution it 
is always less than that. However, as the quantity 
of light absorbed is unaffected by the resolution, 
it can be measured directly in either case. It is 
then necessary to calculate the relation between 
the amount of light absorbed by a line and its 
true absorption coefficient. The methods of 
Frost" and of van Wijk” for measuring relative 
concentrations cannot be used in the case of CN 
because they depend on comparing two lines of 
equal intensities and the same line form. The 
unresolved spin doubling of CN makes every line 
different, even though all appear the same. 
Neglect of this results in serious errors. 

When light passes through a thin layer of an 
absorbing mixture, a certain fraction of its 
intensity, called the absorption coefficient, a, is 
removed, per unit thickness traversed. If x is 
the thickness of the absorbing layer, Jo the initial 
intensity of the light, and J the intensity at any 
other point, 

IT=Ioe—**. 


The quantity, a, is a characteristic for any 
material and proportional to the amount of it 
present. The total amount of light absorbed, A, 
is obtained by integration with respect to 
frequency. 


A= f Cho) -10) r= hf (1-—e-@™ =) dy, 


assuming J (v) to be constant. While the 
quantity, A, could be measured directly for the 
different lines in the band, it is more convenient 
to measure the maxima of the lines and convert 
them to areas as explained above. If the true 
form of the absorption line is known, its maxi- 
mum can be calculated from A. At pressures 
below five millimeters and at room temperatures 
pressure broadening, Stark effect, and natural 
breadth are all negligible compared to Doppler 
broadening. The spin doublet separation is theo- 
retically proportional to K+ 4. These two facts, 
together with the theoretical intensity ratios of 
the doublets, have been assumed to give the true 
forms of the doublets. The problem then becomes 


11 A. A. Frost, D. W. Mann, and O. Oldenberg, J. Opt. 
Soc. Am. 27, 147 (1937). 

12 W. R. van Wijk and A. J. van Koeveringe, Proc. Roy. 
Soc. A132, 98 (1931). 
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Fic. 5. Relation between absorption coefficient and amount of light absorbed. 


one of converting the total amounts of light 
absorbed to the true absorption coefficients under 
the above assumptions. If «=molecular weight, 
R=gas constant, Y=absolute temperature, 
c=velocity of light, and v=frequency, the form 
of a line broadened by the Doppler effect isgiven by 


a(v) =exp ((—4/2RT)(c?/v*) (v—9)?). 


If b is the relative intensity and »;—v2 the 
separation of a doublet, the form of the absorp- 
tion coefficient of a double line becomes 


a(v) =a[exp ((—yc?/2RTy?) (v—)*) 
+06 exp ((—yc?/2RTv?)(v—ve)?) ]. 


The total amount of light absorbed by this 
doublet, in absolute frequency units, is 


A nf [3 ( | ie )? 
= —exp { —ax}exp ——— —(v—»,)? 
"Js . PORT. 


no 
+b exp — sen te— mt ) ev 
2RT v? 


If we set 
s=(2RT/p)*v0/c 


and change variables by 


v=sy+(v1+r2)/2, 
r= (ve— v;)/2s, 
this becomes 


A =r f [1—exp —xa{e~t* + bev" } ) dy, 
votry 


2s 





If the absorption is very weak this can be 
simplified and integrated directly. 


A =Ipsax\/r(1+). 


By means of the doublet separation of 0.037A 
for line 28 given by Birge™ and the intensity 


13R. T. Birge, Astrophys. J. 55, 280 (1922), 
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Fic. 6. Absorption coefficient against initial energy level. 


formulas from Jevons" the values of, s, 7, and b 
were calculated for the first eighteen lines of the 
R branch of the 0,0 band in the 22-2 transition. 


2K+1K-1 
s=0.0395, r=0.115(K+}3), 5=———, 
2K-—1K-+1 


where K is the rotational quantum number of 


the higher level of the transition. The integral 
was evaluated numerically for values of ax=0.5, 
1, 2, 3, 4, and 6 for each of the lines K =2, 4.7, 10, 
and 20.5. Curves of A/Jos were plotted against 
ax for these lines, and those for the intermediate 
ones were interpolated between them. The cor- 
rection to the integral for temperatures other 
than 300°K was calculated to be less than 1 
percent for every 12°. It was neglected. The 
curves are shown in Fig. 5 as functions of A/Jos, 
and of the observed maxima of absorption. 


Calculation of relative concentrations 


Under the conditions of very weak absorption, 
the amount of light absorbed is directly propor- 
tional to the number of absorbing molecules. 
For stronger absorption the linear relation with 
concentration holds only for the integrated ab- 
sorption coefficient, B, rather than for the 
amount of light removed. The absorption coeffi- 
cients found above were integrated over all 
frequencies and summed over all the lines of the 
R branch of the band. The first 18 lines were 


4 W. Jevons, Report on Band Spectra, p. 137. 
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measured directly ; the others were predicted by 
the Boltzmann distribution at the observed 
rotational temperature. The final quantity, >> xB, 
is a direct measure of the amount of CN present 
in the tube. Fig. 6 shows the logarithm of each 
absorption coefficient divided by its z factor 
plotted against the energy of the initial level of 
the line. The slope of this curve equals —1/T. 
The rotational temperatures found in this way 
varied from 350°K at the end of the discharge 
down to 320°K after a hundredth of a second. 


RESULTS 


Reaction kinetics 


The mechanism of the disappearance of the 
CN radicals after their formation in the discharge 
has been studied in detail. Concentrations were 
measured as functions of time over a large 
range of pressure and dilution. In all cases the 
reaction was found to be first order, i.e., the rate 
of disappearance was proportional only to the 
concentration of CN present. Fig. 7 shows a 
graph of the averages of the points from several 
plates plotted against time on semi-log paper to 
find out if there is any departure from the first- 
order rate law. The unit of concentration is the 
partial pressure of CN as found below. There 
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was no dependence on total pressure or on 
partial pressure of cyanogen. There was a 
qualitative relationship with the intensity of the 
discharge forming the CN; the more vigorous 
the discharge, the more rapid the disappearance. 
The longest observed lifetime was 1/15 second, 
the mean half-life 11 milliseconds. The half-life 
as a function of total pressure and dilution with 
argon is shown in Table I. The probable errors 
in the table are of the order of one millisecond. 
The intervals of pressure and dilution were so 
chosen that the partial pressure of cyanogen 
remains constant on moving diagonally down to 
the right in the table. In the cases where two 
discharge intensities were used, both half-lives 
are given, the one corresponding to the more 
intense discharge coming first. 

The conceivable reactions by which a radical 
might disappear are: (1) direct recombination to 
cyanogen ; (2) addition to cyanogen ; (3) reaction 
on the walls limited by the rate of diffusion to 
them; (4) reaction on the walls limited by the 
wall area; (5) ionization by loss or addition of 
an electron; (6) reaction with some product 
formed during the discharge. The first four of 
these are each impossible, because: (1) the 
reaction is not second order in CN; (2) the reac- 
tion is invariant to the partial pressure of 


TABLE II. Appearance potentials, excitation potentials, and 
relative abundances of particles present in the discharge. 











APPEARANCE EXCITATION 
POTENTIAL RELATIVE POTENTIAL 
PARTICLE IN VOLTS ABUNDANCE IN VOLTS 
C.N2* 14.1 3.4 
CN* 21.3 0.7 
C,t 18.6 0.2 
CN+ 19,8 0.1 
CN 6.0 22.43 
At 15.5 ° 
A 11.5 

















cyanogen; (3) the reaction is invariant to the 
total pressure; (4) the reaction chamber is so 
large that the diffusion coefficient would have 
to be about 50 times that of nitrogen to account 
for the observed half-life on this basis. 

Number (5) does not disagree with any of the 
observed evidence. As the CN radical resembles 
a halogen atom electronically, it is practically 
certain not to lose an electron outside of a dis- 
charge. It might, however, pick up a free electron 


or even remove one from some other neutral 
molecule. The presence of enough free electrons 
to account for the disappearance for more than 
0.001 second is impossible. If electrons are 
being removed from some molecule, the observed 
rate should be pressure dependent, and the 
molecule must be present in equal quantities in 
the cyanogen and in commercial argon. Thus the 
last mechanism is the only one remaining. 
Number (6) is in agreement with the observed 


TABLE III. Ratio of intensities of 0,0 to 1,1 Band for different 
pressures and dilutions. 











PRESSURE 
MM PURE 9:1 99:1 999: 1 9999 :1 
0.15 0.088 0.49 
0.475 Trace 0.18 0.42 
1.5 Trace 0.081 0.26 
4.75 0.24 0.22 























increase in rate with discharge intensity and with 
the findings of the two preliminary experiments 
described above. It explains the more rapid 
rate found in the first experiment using a direct- 
current discharge instead of radiofrequency to 
produce the dissociation. It can be further 
limited by the results of the second, when the 
gas in the discharge tube was only changed 
every 500 flashes. As the rate of disappearance 
was then about the same, the only conclusion is 
that the reaction involved an ion that subse- 
quently was neutralized between flashes. Any 
reasonable mechanism must give the proper end 
product, paracyanogen, when all the reactions 
are completed. A mechanism that meets all 
these requirements can be built on a theory of 
the condensation of the radicals on active 
centers of complex ions formed in the discharge. 
The ions known to occur in a discharge through 
cyanogen," along with their ionization potentials, 
relative abundances, and other useful data, are 
given in Table II. The first step is the formation 
during the discharge of a complex ion by the 
addition of a CN radical to one of those in 
Table II. As the most abundant of these is the 
only one that will give a polymer of cyanogen 
on neutralization of the addition product, the 


15 J. T. Tate, P. T. Smith, and A. L. Vaughan, Phys. 
Rev. 48, 525 (1935). 





indicated first step is 
CN+C2N2t->C;3N3?. 


The amount of CNet formed in a weak dis- 
charge through cyanogen is independent of the 
pressure for the same applied voltage. The failure 
to observe any emission spectrum of argon indi- 
cates that even at considerable dilution most of 
the positive current was being carried by 
cyanogen ions. Therefore down to the limit of 
observation of strong absorption by CN radicals 
one should expect about the same number of 
C:,N.2* ions to be formed. 

The density of ions needed to carry the 
current is very much less than the concentration 
of cyanogen put in the tube, even at the greatest 
dilutions where rate measurements could be 
made. If each of the ions formed adds a CN by 
the equation above, at the end of the discharge 
there is always about the same number of 
complex ions left in the tube. They are so large 
that they do not diffuse rapidly to the walls, 
but stay in the gas. The observed disappearance 
of the CN radicals after the discharge is by a 
chain of successive additions to these complexes: 


C3N3+ + CN-C,N,+ 
CyNygt+ CN-C;N;', etc. 


The complexes formed should have enough vibra- 
tional and rotational energy levels to absorb the 
excess energy in the collisions in the absence of 
any third bodies. This mechanism is in complete 
harmony with the work of Hogness and Liu- 
Sheng T’sai!® on the photopolymerization of 
cyanogen. From the quantum yield in the 
absence of ions they postulated an addition of 
CN to a cyanogen molecule. The failure to ob- 
serve this reaction in the present work only 
indicates that it is very slow compared to the 
addition to the ion. 


Persistence of vibration 


The distribution of the CN radicals in the 
rotation levels of the ground state is about what 
is predicted by the Boltzmann theory. There is a 
small temperature inhomogeneity in the lowest 
levels, but it is not large enough to be very 
significant. The case of vibration is entirely 


1% T, R. Hogness and Liu-Sheng T’sai, J. Am. Chem. 
Soc. 54, 123 (1932). 
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Fic. 8. CN absorption against partial pressure of cyanogen. 


different. In equilibrium at 330°K, 1/8000 of the 
radicals should be in the first vibration level. 
Actually at the end of the discharge an appreci- 
able fraction has been observed in this state in 
all cases. The fraction is larger at low pressures 
and large dilutions. In one case the band still 
remained with measurable intensity 5  milli- 
seconds after the discharge. From this observa- 
tion the half-life of the vibrating state was 
calculated to be 3 milliseconds, or one-fourth 
that of the ground state. The pressure de- 
pendence shown in Table III indicates that some 
of the excited radicals are being reduced to the 
ground state by collisions, as well as being 
destroyed completely. During a half-life the 
radicals suffer about 10,000 collisions with argon 
atoms. This confirms predictions of the per- 
sistence of vibration from the increase of the 
velocity of sound at high frequencies and the 
work of Dwyer"’ on iodine vapor. The persistence 
of the vibrations is naturally dependent on the 
nature of the gas present. In commercial argon 
they last about ten times as long as in pure 
cyanogen. 


Absolute concentrations and f values 


When the cyanogen in the discharge tube was 
diluted with argon, the intensity of the CN 
spectrum remained about constant for a while, 
then fell off slowly, and finally disappeared 
quite suddenly. A series of. measurements of the 
absorption intensity near the point of disappear- 
ance were taken, some during the discharge and 
some immediately after it. The relative concen- 
trations, )-B, calculated from them are shown 
in Fig. 8 as functions of the partial pressure of 


17R, J. Dwyer, J. Chem. Phys. 7, 40 (1939). 
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cyanogen present. The graph of those after the 
discharge against the partial pressure of cyanogen 
remains about level until the dilution is 10,000 : 1, 
when it falls off sharply but does not pass through 
the origin. The graph of those during the dis- 
charge is parallel to the other but displaced to 
lower concentrations. The final slope of the two 
curves is taken as a limiting relation between the 
partial pressures of cyanogen and CN. The latter 
must be less than or equal to what would be 
obtained if all the cyanogen present were dis- 
sociated to CN. If the dissociation had been 
caused by a much shorter and more intense 
discharge, the points could be corrected back to 
zero time, when they should lie on a line through 
the origin. Although this correction could not 
be made completely, the graph during the dis- 
charge shows a large improvement over the other. 
If it could be made the fraction dissociated would 
be found to increase regularly with dilution until 
it approached and flattened out at a limiting 
value. If we take the final slope of the two 
graphs as the best value and remember that a 
molecule of cyanogen dissociates to two CN 
radicals, the partial pressure of CN in millimeters 
is (0.0075/x)>> xB for room temperatures, where, 
if the absorption is weak, >> «B/Iox is the total 
amount of light absorbed per centimeter by the 
R branch of the band. This must be corrected 
for the number of molecules in higher vibrational 
levels. At these pressures and dilutions the ratio 
of the intensities of the 0,0 and 1,1 bands, ob- 
tained from Table III, was 0.45. Dividing by 
0.87, the ratio of the relative probabilities of 
these transitions,!* the ratio of the populations 
of these levels is 0.52. If the vibrational levels are 
populated according to an exponential distribu- 
tion with 0.52 as the ratio of the second to the 
first, the total population is 2.1 times that of the 
ground level. Dividing by this, the partial pres- 
sure of CN in millimeters is 


0.0035 





Pox= 

x «K 
All the absolute concentrations have been calcu- 
lated with this limiting figure. The question of 
how close to the limit the dissociation actually is 


will be discussed in a later paper, where it will 


18L. S. Ornstein and H. Brinkman, Proc. Amsterdam 
Acad. 34, 1 (1931). 
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be shown that the dissociation is almost complete. 
For very weak absorption the total light 
removed by a single line in cm~ is 


A=Isax\/r=B. 


In terms of the total absorption per cm of the R 
branch of the band, 


Ipie~*/*7 
A =0.0081— 





d B, 

x K 
where ¢ is the energy of the initial level of the 
particular line considered. The total absorption 
can also be expressed in the form given by 
dispersion theory. Korff and Breit!® give as the 
formula for the same quantity, 





nF ,e? 
A=- 


mc? 


0» 


where ¢ is the charge on the electron, M its mass, 
and F, the number of dispersion electrons per 
cubic centimeter. If we eliminate A, the density 
of dispersion electrons for each line is 


1e—e/kT 





Fo=9.2X10° Zz, ©. 


Inn K 
The density of molecules causing this line is the 
total density present times the fraction in the 
proper state to absorb it. The density under 
standard conditions is 2.7010'* molecules/cc, 
which corresponds to 2.94 10!* at 330°K and 1 
millimeter pressure. The number in any state is 


(K+1)e-¢/*? 
Y(2K+1)e-*r 


K 





N=2.94X10"%p 


where # is in millimeters. 
>—B 


N=8.4X10"——(K41)e-#?, 
x 
The absolute f value is defined as the number of 


dispersion electrons per molecule for a particular 
line. 





F, K+1 
f=—=0.012—— 
N K+} 

= 0.012(+0.003) 


19 A. Korff and G. Breit, Rev. Mod. Phys. 4, 471 (1932). 
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for large values of K. The f value for the whole 
band including the P branch is twice this. 
f=0.022. For the whole *2—*> transition in- 


cluding the 0,1 band with a relative probability © 


of 0.16", f=0.026 (+0.006). As this is based on 
the upper limit for the concentration of CN, it is 
only a lower limit for the f value. This value 
should be compared with 0.00013 found by 
Oldenberg”® for OH. It agrees quite well with 
Mulliken’s*! prediction based on absorption in 
the sun that transition probability of the violet 
CN band system is about a thousand times 
greater than that of the OH system. The value 
may also be compared with that for the D lines 
of sodium, f=99.7 percent. 


Application to carbon arc 


The absolute absorption coefficient can also be 
expressed in terms of a mean collision cross 
section. Thus light of the proper frequency 
passing through a cloud of CN radicals at room 
temperature is half-absorbed if each photon 
passes within 25A of a radical in the proper 
state to absorb it. Considering only one molecule 
- and light of the proper frequency with respect 
to its motion the radius of absorption is of the 
order of ten times this. 

In the ordinary carbon arc the CN bands are 
observed to have a different rotational tempera- 
ture in the core and the outer part. If much CN 


(938) Oldenberg and F. H. Rieke, J. Chem. Phys. 6, 439 
8). 
*1R.S. Mulliken, Astrophys. J. 89, 283 (1939). 
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were present, the radiation from the core would 
all be absorbed in the outer part. Lochte- 
Holtgreven and Maecker* have found a bend 
in the temperature curves for the cores corre- 
sponding to this effect. If the light in their case 
is assumed to be half-absorbed by a layer three 
millimeters thick, allowing a factor of five for 
the difference in line widths, there must be 
8 X10" radicals per cc absorbing the most intense 
lines. Adding for all the rotation and vibration 
levels there must be a total of about two hundred 
times this, or 210!* radicals per cc in the arc. 
This corresponds to a partial pressure of about 
+ millimeter at room temperatures or 10 milli- 
meters at the temperature of the arc. 

In conclusion I should like to mention the 
possible errors in this work. All parts of the 
apparatus were carefully designed and con- 
structed, and whenever an improvement was 
thought possible, they were rebuilt. By strobo- 
scopic tests the timing was found to be correct 
to better than a thousandth of a second. The 
probable photometric errors were of the order of 
ten percent. While undetected variations in the 
discharge through cyanogen may have intro- 
duced small numerical errors, they cannot have 
been large enough to affect the nature of the 
conclusions. The greatest uncertainty, which lies 
in the assumption of complete dissociation of the 
cyanogen to CN at very great dilution, will be 
considered in detail in a later paper. 


2,W. Lochte-Holtgreven and H. Maecker, Zeits. f. 
Physik 105, 1 (1937). 
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In this paper are described force constant calculations on ethane, the methyl halides, methyl] 
cyanide and isocyanide. The potential function used is based on a valency type force field 
with the introduction of one cross term rendered likely by physical considerations. The applica- 
bility of this function to the molecules under consideration is tested with the ethane molecule. 
The carbon-carbon bond force constant in methyl cyanide is found to be considerably greater 
than in ethane, indicating that the bond has some double-bond character in the cyanide, as 
has been suggested by Pauling, Springall and Palmer. It is found that the bending constant 
of the HCH angle remains very constant in the four methyl halides, there being changes, 
however, on passing to the other compounds. Other variations in the force constants of corre- 
sponding links, similar to these, are studied and their significance discussed. 





HE determination of bond force constants 
has been shown to be a valuable aid in the 
elucidation of molecular structure. In addition 
to obtaining information regarding the nature of 
chemical linkages, the value of the force con- 
stants may be used to obtain bond lengths, the 
results obtained being comparable in accuracy 
and reliability with those obtained by more direct 
methods.! In the present paper are described 
calculations of stretching and deformation force 
constants in ethane, the methyl halides, methyl] 
cyanide and isocyanide. A comparison is made 
between the constants obtained for similar links 
in this series of methyl compounds. 

For the comparison of force constants in the 
examination of the structure of molecules it is 
necessary both that a satisfactory potential func- 
tion shall be used in all cases and also that the 
function shall be of similar form for all the mole- 
cules concerned. One test of the applicability of 
a given potential function is that it should, for a 
particular molecule, reproduce the magnitudes of 
the observed fundamental frequencies when the 
number of constants is less than the number of 
fundamental frequencies observed. In the present 
case the form of the potential function has been 
tested by application. to ethane, in which case 
ten of the fundamental frequencies are repro- 
duced using a function involving only five 
constants. 

Various forms of potential function have been 


1 Badger, J. Chem. Phys. 2, 128 (1934); Douglas-Clark, 
Phil. Mag. 18, 459 (1934). 
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used in the calculation of the fundamental fre- 
quencies of polyatomic molecules, the most im- 
portant types being those based on central force 
field and valency force field. It appears that the 
greatest success has been obtained with a func- 
tion of the second type which includes, in addi- 
tion to the squared-terms required by the simple 
valency force field, those cross terms which are 
rendered likely by physical considerations.?: * 


ETHANE 


Howard‘ applied a simple valency force field 
type potential function to ethane and obtained 
fairly satisfactory results. More recently Stitt 
has determined the fundamental frequencies of 
hexadeuteroethane and has considered the appli- 
cation of functions which involve cross terms in 
addition to the simple squared-terms. With nine 
constants Stitt*® has reproduced the twenty-two 
fundamental frequencies of the two isotopic mole- 
cules. In the present case no attempt has been 
made to use such a complete function as that 
employed by Stitt since it would be impossible to 
use One containing so many constants with the 
other methyl compounds under consideration. 
Also since the fundamental frequencies of the 
trideuteromethyl molecules are not known for 
the other compounds under consideration the 
present function has not been applied to the 
deutero-compound in this case. 


2 Thompson and Linnett, J. Chem. Soc. 1376 (1937). 
’ Stitt, J. Chem. Phys. 7, 297 (1939). 
4 Howard, J. Chem. Phys. 5, 442 (1937). 
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Sutherland and Dennison,® using a special po- 
tential function, obtained expressions for the 
nondegenerate vibration frequencies of ethane. 
One of the frequencies they employed was, 
however, incorrect. 


Observed frequencies 


The values given by Stitt for the fundamental 
frequencies of ethane are used here. These do not 
differ greatly from the values given by Crawford, 
Avery and Linnett.* The evidence for the magni- 
tude 1170 cm for the E frequency is still ob- 
tained by indirect reasoning, but this value is 
probably the best that can be obtained at the 
present time. Barker’ has suggested a rather 
different assignment. Objections to his assign- 
ment have been discussed by Stitt. 


Dimensions of the molecule 


It has been presumed that the arrangement of 
valency bonds round each carbon atom is tetra- 
hedral. There is no direct evidence for this, but 
it is most unlikely that the angles depart from 
the tetrahedral values by more than a degree or 
two. The carbon-hydrogen bond length has been 
taken to be 1.093A, the value found by Barker 
and Ginsberg in methane.* The carbon-carbon 
distance, 1.54A, has been determined by electron 
diffraction.® 


Potential function 


A potential function of the simple valency force 
type consists of four terms involving four con- 
stants. There are the carbon-hydrogen and 
carbon-carbon bond force constants and the 


TABLE I. Comparison of the calculated and observed 
frequencies for ethane (in cm). 














Al Ao E E 
Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. 
2901 | 2925 | 2895 | 2925 | 3025 | 2980 | 3031 | 2970 
1375 | 1375 | 1380 | 1380 | 1484 | 1465 | 1463 | 1460 
993 993 835 827 | 1006 | 1170 




















a m — and Dennison, Proc. Roy. Soc. A148, 250 
aseneort Avery and Linnett, J. Chem. Phys. 6, 682 
7 Barker, J. Chem. Phys. 7, 277 (1939). 
8 Barker and Ginsberg, J. Chem. Phys. 3, 668 (1935). 
as and Pauling, J. Am. Chem. Soc. 59, 1223 


10 Linnett and Thompson, J. Chem. Soc. 1384 (1937). 
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HCH and HCC bending force constants. In addi- 
tion to these four terms, a cross term between 
the carbon-carbon bond and the HCH angles has 
been introduced. A cross-term constant of this 
type was found by Thompson and Linnett!® to 
be important in the corresponding methylene 
compounds ethylene, formaldehyde, and ketene. 
Physically the introduction of this cross term 
means that changes in the carbon-carbon bond 
length lead to a distortion of the tetrahedral 
arrangement of the methyl group. Such a state of 
affairs is rather to be expected. 

The potential function that is used is therefore: 


V=3kcec(ACC)?+ 32 kon (ACH)? 
+32 kucn(AHCH)?+ 32kucc(AHCC)? 
+3>k’(ACC)(AHCH). 


This function leads to the expressions for the 
vibration frequencies. 


Calculations 


Using the molecular dimensions given above 
and the following values for the constants: 
kon =4.81 X10° and kec=4.53X105 dynes per 
cm, kucu = 0.561 X10-" and kucc = 0.545 K 107! 
dyne cm per radian, and k’ = —0.38X10-’, the 
values calculated for the frequencies are those 
given in Table I. It will be seen that ten of the 
eleven observed frequencies are satisfactorily re- 
produced. The difference between the observed 
and calculated values of the eleventh frequency 
arises because no account has been taken of the 
interaction between the methyl groups. This was 
shown by Stitt. In the other compounds of this 
series only one methyl group is involved so that 
the above results for ethane indicate that a po- 
tential function of this form would be completely 
satisfactory for use with the methyl halides, 
cyanide and isocyanide. It is important to notice 
that the values for the carbon-hydrogen and 
carbon-carbon bond force constants obtained 
here do not differ appreciably from the values 
given by Stitt for these constants. Therefore the 
values obtained for these bond constants may be 
compared with complete safety with values ob- 
tained for similar bonds in the other methyl 
compounds. 








Av = we 
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METHYL HALIDES 


Force constant calculations have been made 
on the methyl halides by Sutherland and Denni- 
son® who used a potential function which could 
be applied to the nondegenerate vibrations only. 
This means that they had only three frequencies 
with which to calculate the four constants of 
their potential function. Nevertheless the values 
obtained by them for the stretching force con- 
stants of the carbon-halogen links agree closely 
with those calculated in the present work. Voge 
and Rosenthal!! made frequency calculations on 
the chlorine substituted compounds of methane, 
including methyl chloride, using a more general 
potential function, different in type from the one 
employed here. Recently Slawsky and Dennison” 
have applied to the methyl halides the same po- 
tential function that is used here. However, they 
have fixed two of the constants required by ap- 
plying a similar function to methane and then 
using the same values for the corresponding 
constants in the methyl halides. Because of this 
the constants given by them are different from 
the values obtained in the present calculations. 


Methy] fluoride 


The values of the observed frequencies are 
taken from Sponer’s Molekiilspektren. They are, 
for the nondegenerate vibrations: ca. 2862, ca. 
1460, and 1048, and for the degenerate vibra- 
tions: 2987, 1476, and 1200 cm-—. The value ca. 
2862 is the smaller of the two members of a 
resonance doublet, the greater having the value 
2965 cm~. Resonance occurs with the first over- 
tone of the 1476 cm fundamental. Since 
2X 1476=2952 is close to 2965 cm-! the smaller 
value has been taken for the fundamental 
frequency. ; 

Molecular dimensions——The shape of the 
methyl group in the methyl halides is not known 
with any degree of certainty. However, the ex- 
perimental evidence does seem to indicate that 
the methyl group in these compounds is not 
radically different from the methyl group in 
methane, in which case, of course, there must be 
a tetrahedral arrangement of valencies.' 


1 Voge and Rosenthal, J. Chem. Phys. 4, 137 (1935). 
® Slawsky and Dennison, J. Chem. Phys. 7, 522 (1939). 
‘8 Johnston and Dennison, Phys. Rev. 48, 868 (1935). 
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TABLE II. Comparison of the calculated and observed 
frequencies for methyl fluoride (in cm). 














NONDEGENERATE DEGENERATE 
Calc. Obs. Calc. Obs. 
2859 ca. 2862 2988 2987 
1468 ca. 1460 1476 1476 
1048 1048 1200 1200 











Penney has, from theoretical considerations, 
concluded that in methyl chloride the angles do 
not differ greatly from the tetrahedral value." 
He has also concluded that the dipole moment 
requires that the carbon-chlorine link shall take 
on something of a polar character and estimates 
that the polar contribution is about a sixth of 
the total. The methyl ion would be expected to 
be planar, so that the ionic character will tend 
to decrease the magnitude of the HCX angle in 
CH;X. Let 8 be the angle 180—HCX. If the 
arrangement of the valencies is tetrahedral 6 is 
70.5, but if the methyl group is planar 8 equals 
90°. The angle 8, which must be very much 
closer to 70.5° than to 90°, has been taken to be 
72.5° in all the methyl halides. This cannot be 
far from the correct value. 

No unambiguous measurement of the carbon- 
hydrogen distance in the methyl halides has been 
made. It has been taken to be the same as that 
in methane, viz. 1.093A, in all cases. The carbon- 
fluorine bond length has been taken to be 1.40A 
which is the mean of the spectroscopic and elec- 
tron diffraction values.'® Actually changes in the 
bond length would have little effect on the results 
of the calculations. 

Potential function—The potential function is 
quite analogous to that used for the ethane 
molecule. It is: 


V=42kcn(ACH)?+3kcr(ACF)? 
32kucn(AHCH)?+ 22 kucr(AHCF) . 
+42k’(ACF)(AHCH). 


The force field is of the valency type, but it is 
supposed that changes in the carbon-fluorine 
distance cause changes in the configuration of the 


M4 Penney, Trans. Faraday Soc. 31, 734 (1935). 
45 Sutherland, Trans. Faraday Soc. 34, 325 (1938). 
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TABLE III. Comparison of the calculated and observed 
frequencies for methyl chloride (in cm~). 














NONDEGENERATE DEGENERATE 
Cale. | Obs. Cale. Obs. 
2915 ca. 2920 3045 3045 
1356 1356 1460 1460 

731 732 1020 1020 














methyl group. This explains the introduction of 
the particular cross term. 

Calculations—By using the molecular dimen- 
sions given above and the following values of the 
constants: koqy=4.71X10° and kcr=5.64X10° 
dynes per cm, kyco=0.517X10-" and kucr 
=0.94610-" dyne cm per radian and k’ 
=—1.3X10-%, the frequencies calculated are 
those given in Table II. It will be seen that there 
is extremely close agreement between the calcu- 
lated and observed values. 


Methyl chloride 


The values of the observed frequencies are 
taken from Sponer’s Molekiilspektren. They are, 
for the nondegenerate vibrations: ca. 2920, 1355 
and 732 cm-, and for the degenerate vibrations: 
3047, 1460 and 1020 cm. As in methyl fluoride 
the largest fundamental of the first class reso- 
nates with the first overtone of the 1460 cm 
vibration. Since the members of the resonance 
doublet are at 2880 and 2967 cm and since 
2X1460=2920, which is almost halfway be- 
tween them, we might expect the frequency of 
the undisturbed fundamental to be ca. 2920 cm. 

Molecular dimensions ——The magnitude of 6 
and of the carbon-hydrogen bond length are 
taken to have the same values as were assumed 
in methyl fluoride. The carbon-chlorine bond 
length has been assumed to be 1.71A which is the 
mean of the spectroscopic and electron diffrac- 
tion values given by Sutherland.® Again small 
variations in the values for the bond lengths 
would not have a large effect on the calculations. 

Potential function.—The potential function is 
precisely similar to that given for methy] fluoride. 
With the following constants: kcu=4.90X10° 
and kceci=3.35 X10° dynes per cm, kucuy =0.523 
X10-" and kucc1=0.701 X10-" dyne cm per 
radian, and k’=—0.71X10-%, the calculated 
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values for the frequencies are those given in 
Table ITI. 


Methyl bromide 


The observed frequencies are taken to be, for 
the nondegenerate class: ca. 2930, 1305 and 610 
cm, and for the degenerate class: 3061, 1450 
and 957 cm~. In this case the members of the 
resonance doublet are at 2860 and 2972 cm. 
Since 2X1450=2900 cm- and this is 40 cm 
larger than the smaller component, it might be 
expected that the nondegenerate fundamental 
had an undisturbed frequency not far from 
2930 cm—. 

Molecular dimensions.—The angle 8 and the 
carbon-hydrogen bond length have been pre- 
sumed to be the same as in methyl fluoride. The 
carbon-bromine bond length has been taken to 
be 1.90A. The electron diffraction value is 1.91A 
and the spectroscopic value given by Sutherland’® 
1.88A. 

Potential function and calculations——The po- 
tential function is precisely the same as that 
given for methyl fluoride. With kcuy =4.95 X 10° 
and kcpr=2.83X10° dynes per cm, kucu=0.516 
X10-" and kycsr=0.632X10-" dyne cm per 
radian, and k’ = —0.71 X10-', the calculated fre- 
quencies have the values given in Table IV. 


Methyl iodide 

The observed fundamental vibration frequen- 
cies of the methyl iodide molecule are, for the 
nondegenerate class: ca. 2940, 1252 and 532 cm™, 
and for the degenerate class: 3074, 1445 and 885 
cm~'!, For methyl iodide the members of the re- 
sonance doublet have frequencies: 2971 and 2860 
cm-!, Since 21445 =2890 and this is 20 cm 
larger than the smaller component it might be 
expected that the nondegenerate vibration had an 
undisturbed frequency not far from 2840 cm. 

Molecular dimensions —The angle 6 and the 
carbon-hydrogen bond length have been given 


TABLE IV. Comparison of the calculated and observed 
frequencies for methyl bromide (in cm=). 














NONDEGENERATE DEGENERATE 
Calc. Obs. Calc. Obs 
2928 ca. 2930 3060 3061 
1305 1305 1450 1450 

610 610 958 °957 
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the same values as in the other methyl halides. 
The carbon-iodine bond length has been taken to 
be 2.2A. The electron diffraction value is 
2.28+0.05A'® and the spectroscopic value of 
Sutherland 2.07+0.16A." 

Potential function and calculations.—The po- 
tential function and frequency expressions are the 
same as for methyl fluoride. With kcy = 5.00 X 105 
and keci= 2.32105 dynes per cm, kucy =0.516 
X10 and kyci=0.550XK10-" dyne cm per 
radian, and k’=—0.64X10-*, the frequencies 
calculated are those given in Table V. 

Discussion.—In all cases the observed fre- 
quencies are reproduced with great precision. 
Since in the above cases kcy is mainly concerned 
in the fixing of the values of the frequencies about 
3000 cm and the other four constants fix the 
values of the other four frequencies the methyl 
halides do not provide a test of the potential 
function employed. However the function has 
been tested by application to ethane and in the 
methyl halides the number of frequencies is 
sufficient for a unique determination of the 
constants. 

It is interesting to compare the values of the 
corresponding constants in the four cases. For 
this purpose the values of the constants are listed 
in Table VI. It is immediately apparent that the 
bending constants of the HCH angle remain 
very constant throughout this series of com- 
pounds. This is very interesting since previous 
work has tended to indicate that bending con- 
stants were susceptible to great variation on 
passing from one compound to another. It should 
be noted that the value of the HCH bending 
constant here is about 10 percent lower than in 
ethane. , 

The variation in the carbon-hydrogen force 
constant indicates that it is not correct to regard 


TABLE V. Comparison of the calculated and observed 
frequencies for methyl iodide (in cm). 














NONDEGENERATE DEGENERATE 
Calc. Obs. Calc. Obs. 
2944 ca. 2940 3074 3074 
1252 1252 1445 1445 

532 532 885 885 














16 Brockway, Rev. Mod. Phys. 8, 231 (1936). 
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TABLE VI. Comparison of the stretching and bending force 
constants in the four methyl halides, CH3X. 








MOLE- 
cute | kcH X10) kox X10- ky CH X10") kyo X10" k’ X108 


CH;F 4.71 5.64 0.517 0.946 — 1.30 
CH;Cl| 4.90 3.35 0.523 0.701 —0.71 
CH;Br} 4.95 2.83 0.516 0.632 —0.71 
CH;I 5.00 2.32 0.516 0.550 | —0.64 


























the carbon-hydrogen bond as having an abso- 
lutely constant length in these compounds. How- 
ever, the extreme variation to be expected from 
the changes in force constant is only about 1 
percent. If it is presumed that the carbon- 
hydrogen bond length in ethane is really 1.093A, 
and that k-r*=constant, the carbon-hydrogen 
bond lengths in the methyl halides will have the 
following values: Fluoride, 1.097; chloride, 
1.089; bromide, 1.088; iodide, 1.086A. These 
small changes from the value 1.093A would not 
affect the calculations appreciably. 

It is interesting to note that kucx and kcx 
vary in much the same way, the change from 
the iodide to the bromide being much the same 
as that from the bromide to the chloride, but 
only a third or a quarter of the change from 
the chloride to the fluoride. It is found that 
(Rucx X10" —0.272) /(Rkcex KX 10-5) is equal to 1.20 
for methyl] fluoride, 1.28 for the chloride, 1.27 for 
the bromide, and 1.20 for the iodide. A similar 
type of change is to be seen in k’, the value for 
the fluoride being very different from the values 
for the chloride, bromide and iodide. 

The negative sign of the cross term indicates 
that a lengthening of the CX link tends to cause 
an increase in the HCH angle, that is to make the 
methyl group more planar. From this we should 
conclude that this arises because the CX link 
has become more polar. This would be expected 
because the sum of the ionic radii of the two 
atoms must be greater than the normal length 
of the link. It would therefore be expected that a 
lengthening of the link would cause an increase 
in the polar contribution. 

Before concluding the remarks on the methyl 
halides it is of interest to compare the values of 
the force constants of the carbon-halogen links 
obtained here with those given by Sutherland 
and Dennison’ and by Slawsky and Dennison.” 
The average difference between the figures given 











here and those given by Sutherland and Dennison 
amounts to only 2 percent. This agreement is as 
good as can be expected. On the other hand the 
force constants given by Slawsky and Dennison 
differ by an average of about 30 percent from 
those listed above. This would seem to indicate 
that the method used by Slawsky and Dennison 
for fixing their constants is unsatisfactory. 


Methyl cyanide 


The earlier work on the Raman spectrum of 
methyl cyanide is summarized in Kohlrausch’s 
Smekal Raman Effekt. A more recent examination 
has been carried out by Reitz and Skrabal.!? The 
infra-red absorption spectrum has been studied 
by Coblentz,'!® by Bell,!® and by Gordy and 
Williams.?° A comparison of the results obtained 
seems to indicate that there are quite definite 
absorption bands at 3.25y, 4.38u, 7.08u, 9.6 to 
9.65u, and 10.9u. The frequencies corresponding 
to these wave-lengths are 3077, 2283, 1412, 1040, 
and 917 cm™. 

The symmetry of the methyl cyanide molecule 
corresponds to the group C;,. It has four non- 
degenerate and four doubly degenerate funda- 
mental vibration frequencies. All these vibrations 
may appear in both the Raman and infra-red 
spectra. The more intense Raman lines have the 
frequency shifts: 2942, 2250, 1370, and 917 cm. 
It is presumed that these correspond to the non- 
degenerate vibrations. It is to be noted that the 
second and fourth also appear in the infra-red 
spectrum at 2283 and 917 cm™. A guide as to the 
magnitudes of these four frequencies is, of course, 
obtained if the form of the vibrations in this class 
is considered. The first is primarily the carbon- 


TABLE VII. Comparison of the calculated and observed 
frequencies for methyl cyanide (in cm). 














NONDEGENERATE DEGENERATE 
Calc. Obs. Calc. Obs. 
2949 2942 3076 3077 
2259 ca. 2265 1417 1415 
1370 1370 1040 1040 

918 917 376 376 

















17 Reitz, Wien Ber. 146, 398 (1937). 

18 Coblentz, Carnegie Inst. Publ. (1905), Vol. 35. 

19 Bell, J. Am. Chem. Soc. 57, 1023 (1935). 

20 Gordy and Williams, J. Chem. Phys. 3, 664 (1935); 
4, 85 (1936). 
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hydrogen valency vibration, the second the 
carbon-nitrogen valency vibration, the third the 
symmetrical deformation vibration of the methyl 
group, and the fourth the carbon-carbon valency 
vibration. For the frequency of the carbon- 
hydrogen valency vibration of the second class 
we have to choose between the Raman line at 
2996 cm~ and the infra-red band at 3077 cm™. 
It has been presumed that the latter is the correct 
value, the Raman line arising from a combination 
level brought into prominence by resonance with 
the fundamental at 2942 cm. For the remaining 
frequencies in this class we have ca. 1415 (Ra- 
man, 1417; infra-red, 1412), 1040 (infra-red) 
and 376 cm (Raman). Again the form of the 
vibrations assists in the fixing of the probable 
approximate magnitudes. 

Molecular dimensions—As in the methyl 
halides there is no evidence for the size of the 
angle 8 or for the carbon-hydrogen distance. The 
values assumed for these are the same as in the 
halides. Brockway, from electron diffraction 
measurements, gave the carbon-carbon bond 
length in methyl cyanide as 1.54+0.03 and the 
carbon-nitrogen bond length as 1.16+0.02A. 
More recent measurements have been made by 
Pauling, Springall and Palmer” who give the 
figures 1.49+0.03 and 1.16+0.03A for these two 
lengths. These values have been used here. 

Potential function—The potential function 
used here is: 


V = 2kcu(ACH)?+ 2kcc(ACC)? 
+ 2ken(ACN)?+ }32kucn(AHCH)? 
+32 kucc(AHCC)?+ 3kcon(ACCN)? 
445k'(ACC)(AHCH). 


This is analogous to those used for ethane and 
the methyl halides. 

Calculations.—With the constants having the 
following values: kon =5.0X105, ko-c=5.3 X105 
and kc=n = 17.5 p4 105 dynes per cm, kucu = (0.487 
X10-", Rucc=0.685X10-" and Rccn =0.320 
X10-" dyne cm per radian, and k’ = —0.51 X10-%, 
the calculated values of the frequencies are those 
given in Table VII. Since six of the frequencies 

21 Brockway, J. Am. Chem. Soc. 58, 2516 (1936). 


2 Pauling, Springall and Palmer, J. Am. Chem. Soc. 61, 
927 (1939). 
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are below 2900 cm and six of the constants are 
mainly concerned in fixing their calculated 
values, this case can provide no test of the po- 
tential function employed. A unique determina- 
tion of the constants is, however, possible. 


Methyl isocyanide 


The Raman spectrum of this compound has 
been examined by Dadieu.?* The infra-red ab- 
sorption spectrum of the liquid has been studied 
by Gordy and Williams.”° By employing similar 
arguments to those used for methyl cyanide and 
by comparing the frequencies obtained for the 
cyanide with those obtained in this case, it seems 
that the vibration frequencies may be assigned 
in the following way: Nondegenerate class: 2951, 
ca. 2170 (Raman 2161; infra-red, 2183), 1444, 
and 928; Degenerate class: 3077, 1456, 1041, 
and 290 cm-. 

Molecular dimensions.—Brockway”! has shown 
that there is a linear arrangement of the two 
carbon and one nitrogen atoms in this compound. 
As for the cyanide the value of 8 and the length 
of the carbon-hydrogen bond have been assumed 
to be the same as in the halides. The lengths of 
the other two bonds have been determined by 
Brockway using electron diffraction. He gives 
the lengths 1.48+0.03 and 1.17+0.02A for the 
carbon-nitrogen single and triple bonds, re- 
spectively. 

Potential function and calculations.—The po- 
tential function and frequency expressions are 
similar to those used for the cyanide. By using the 
following values for the constants : key = 5.0 105, 
ko_n =5.45 X105, and kn=c = 16.3 X 105 dynes per 


cm, kucu =0.522X 10-4, kucn =0.681 »4 10%, and. 


kenc =0.205 X10-" dyne cm per radian, and 
k'= —0.34X10-*, the frequencies calculated have 
the values given in Table VIII. As for methyl 
cyanide the isocyanide provides no test of the 
potential function, but a unique determination 
of the constants is possible. 

Discussion.—The most striking fact that 
emerges from the above calculations is the con- 
siderable increase of the carbon-carbon force 
constant in methyl cyanide, where it has the 
value 5.3105, over the constant for the same 
bond in ethane, where it has the value 4.53105 


*3 Dadieu, Monatsheft 57, 437 (1931). 


FORCE CONSTANTS IN SOME METHYL COMPOUNDS 





97 


TABLE VIII. Comparison of the calculated and observed 
frequencies for methyl isocyanide (in cm=), 








NONDEGENERATE DEGENERATE 








Calc. Obs. Calc. Obs. 
2948 2951 3077 3077 
2167 ca. 2170 1455 1456 
1413 1414 1042 1041 
928 928 292 290 

















dynes per cm. If it is presumed that the force 
constant varies inversely as the sixth power of 
the bond length, we should expect the carbon- 
carbon bond length in methyl cyanide to be 
1.50A, assuming 1.54A for the length in ethane. 
If, however, it varies inversely as the fifth power, 
as has been suggested more recently by Fox and 
Martin,” we should expect the length to be 
1.49A. Either of these is in satisfactory agree- 
ment with the electron diffraction value of 
1.49+0.03A. This effect of the triple bond on the 
force constant of the adjacent single bond is 
similar to that already found in hydrogen cy- 
anide, in acetylene, and in dimethylacetylene.*® 
Pauling, Springall and Palmer” have explained 
the corresponding effect on the bond length by 
suggesting that there is some change in the 
hybridization of the carbon atomic orbitals and 
that there is resonance between the normal 
single-triple bond structure and a double-double 
bond structure by which the single bond takes 
on some double bond character. This suggestion 
is in agreement with the force constant results. 
Before leaving this topic it is interesting to note 
that the carbon-carbon frequency in ethane, 993 
cm—, is greater than the carbon-carbon frequency 
in methyl cyanide, 917, a fact that would lead to 
a conclusion, on preliminary consideration, very 
different from that obtained when detailed force 
constant calculations are made. 

Comparing methyl cyanide and isocyanide it 
is found that the CCN bending constant in 
methyl cyanide is much bigger than the CNC 
bending constant in the isocyanide. The value of 
the carbon-nitrogen stretching force constant in 
methyl cyanide is 17.5105 compared with 
18.1 10° in hydrogen cyanide and 17.5 10° in 


24 Fox and Martin, J. Chem. Soc. 884 (1939). 
25 Crawford, J. Chem. Phys. 7, 555 (1939). 











the cyanogen halides.*® In the cyanogen halides 
it was necessary to assume that there was some 
resonance with a double-double bond structure, 
so that the value of this force constant in methyl 
cyanide confirms that there is resonance with a 
double-double bond structure in this case also. 
The force constant of the corresponding bond in 
the isocyanide is smaller still, being 16.3105. 
This might mean that there is some contribution 
from the structure CH;—N=C, though this is 
unlikely since the molecule would be nonlinear 


26 Thompson and Linnett, J. Chem. Soc. 1399 (1937). 
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in this case and would not therefore be expected 
to resonate with the linear structure. An alter- 
native explanation is that this decrease may occur 
because of the “‘lone pair” of electrons on the 
carbon atom in the isocyanide molecule. 

The value of 5.0105 for the carbon-hydrogen 
stretching force constant in methyl cyanide and 
isocyanide suggests that the length of this bond 
is 1.086A, as in methyl iodide. 

In conclusion I wish to thank Dr. B. L. Craw- 
ford who, because of the present situation in 
Europe, has been kind enough to carry through 
the publication of this paper. 
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A detailed investigation of the high temperature photolysis of acetaldehyde vapor has 
given results differing in certain details from those of previous investigators. The heat of 
activation found for the over-all reaction (8.6-+0.3 kcal.) leads with one assumption to a 
value of 75 kcal. for the energy of the C—C bond in acetaldehyde. The reaction between 
methyl radicals is rather accurately bimolecular. Values are given for the relative quantum 
efficiencies for the production of free radicals in acetone and acetaldehyde at elevated tem- 


peratures at two wave-lengths. 


N a previous paper! the authors had occasion 
to repeat some of the experiments of Leer- 
makers? on the high temperature photodecompo- 
sition of acetaldehyde vapor and found, in the 
course of this work, several discrepancies which 
could not at the time be explained satisfactorily. 
In view of the interest and importance which 
attaches to this photochemical process, it was 
thought desirable to extend the investigations in 
an effort to reveal the cause of the discrepancies 
and in order to settle any doubts concerning the 
rate law followed by the process. In addition 
special experiments have been carried out to test 
specific points of interest concerning the mecha- 
nism of the decomposition and the origin of the 
fluorescence of acetaldehyde. 
~ * Present address, Department of Chemistry, Amherst 
College, Amherst, Massachusetts. 
1G. K. Rollefson and D. C. Grahame, J. Chem. Phys. 


7, 775 (1939). 
2 J. Leermakers, J. Am. Chem. Soc. 56, 1537 (1934). 





EXPERIMENTAL METHOD 


The experimental methods employed were es- 
sentially the same as those used previously. 
Monochromatic light, obtained by the use of a 
quartz mercury arc and fused quartz prism 
monochromator, was measured with the aid of 
two barrier-layer photronic cells as previously 
described. The calibration of the apparatus for 
the determination of absolute quantum yields 
has been carried out by a more elaborate method 
than we have used before and is described below. 

Much care has been taken in all experiments 
to exclude the last traces of air. For this purpose 
the system was always evacuated to a very low 
pressure (10-5 mm or better) and the reaction 
vessel then flushed out briefly with degassed 
acetaldehyde. When for any reason air had been 
admitted into the reaction vessel, this was re- 
moved by pumping and heating to a temperature 
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higher than that subsequently to be employed. 
The acetaldehyde used was distilled twice in 
vacuum and was further degassed by alternately 
boiling it and pumping off the vapors. As before, 
the acetaldehyde was stored in contact with 
hydroquinone and anhydrous calcium sulfate. In 
all experiments with pure acetaldehyde vapor, 
stopcocks and stopcock grease were entirely ab- 
sent. This is not known to be necessary, but since 
it introduced no great inconvenience, it was 
thought to be desirable. In the experiments with 
mixtures of acetone and acetaldehyde vapors, 
however, the acetone was confined in a reservoir 
closed with an ordinary glass stopcock greased 
with Apiezon L stopcock lubricant. There is no 
reason to believe that this circumstance intro- 
duced any error into the measurements since 
acetone vapor is relatively inert and since acetal- 
dehyde vapor did not come into contact with this 
stopcock at any time. 

Temperatures were measured with a copper- 
constantan thermocouple in conjunction with a 
high grade Leeds and Northrup potentiometer. 
The thermocouple was calibrated in the usual 
manner from cooling curves of several pure 
metals. The thermocouple wires were wound 
around the reaction vessel in a manner which 
insured good contact with the cell. Since the 
reaction vessel was relatively short (5.4 cm) and 
the electric furnace housing it was much larger, 
there is little reason to doubt that the tempera- 
of the cell was fairly uniform. A few experiments 
were carried out with a stirrer operated inside 
the furnace to circulate the air and to insure a 
more uniform temperature throughout. These 
experiments agreed well with identical experi- 
ments performed without such stirring. Every 
effort was made to obtain correct temperature 
measurements in these experiments, since it 
seemed possible that the discrepancy between 
our results and those of Leermakers might be 
explained by an error either in his temperature 
measurements or in ours. 

Analyses were carried out as before by the 
method of Blacet, MacDonald and Leighton,*: 4 
except that in a few cases the amount of volatile 


3F, E. Blacet, G. D. MacDonald and P. A. Leighton, 
Ind. Eng. Chem. Anal. Ed. 5, 272 (1933). 

‘F. E. Blacet and G. D. MacDonald, Ind. Eng. Chem. 
Anal. Ed. 6, 334 (1934). 
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TABLE I. Absorption coefficients of acetaldehyde vapor. 











3130A 2652A 
T €, LITERS MOLES“! CM™!  €, LITERS MOLES~! CM~ 
300°C 18.9 16.9 
200 17.6 17.1 
100 15.7 16.7 
60 14.9 a 
30 14.9 17.9 








gases produced in the reaction was too small to 
be analyzed accurately even by these micro- 
methods. In these cases it was assumed that the 
product gases contained 48.5 percent of CO, this 
being the average of the analyses of many other 
samples obtained under similar conditions. We 
note also that this value agrees satisfactorily 
with the CO/(CO+CH,+H.,) ratios obtained by 
Blacet and Volman® at 30°. 

In order to limit possible side reactions with 
the products of the photolysis, only a small 
fraction of the acetaldehyde present was decom- 
posed in an experiment. The fraction of the inci- 
dent light absorbed was calculated from the ab- 
sorption coefficients given in Table I, taking into 
account the slight change in concentration of the 
acetaldehyde occurring during the photolysis. 

Prolonged irradiation of hot acetaldehyde 
vapor finally results in an approximate doubling 
of the initial pressure. However, after a short 
irradiation the pressure increases less than one 
calculates from a measurement of the amount of 
carbon monoxide and methane formed. This 
evidently means that at elevated temperatures, 
as at 30°, polymer formation and decomposition 
both occur during the irradiation and that the 
polymer decomposes photochemically in a pro- 
longed irradiation. No detailed study of the 
kinetics of the polymerization process has been 
carried out, but the existence of such a process 
casts doubt upon the results of those investigators 
who have used pressure measurements to follow 
the course of the reaction.® 


CALIBRATION OF THE OPTICAL SYSTEM 


The calibration of the optical system for the 
determination of absolute quantum yields has 


5F, E. Blacet and D. Volman, J. Am. Chem. Soc. 60, 
1243 (1938). 

6J. W. Mitchell and C. N. Hinshelwood, Proc. Roy. 
Soc. A159, 32 (1937). 














the cyanogen halides.”® In the cyanogen halides 
it was necessary to assume that there was some 
resonance with a double-double bond structure, 
so that the value of this force constant in methyl 
cyanide confirms that there is resonance with a 
double-double bond structure in this case also. 
The force constant of the corresponding bond in 
the isocyanide is smaller still, being 16.310°. 
This might mean that there is some contribution 
from the structure CH;—N=C, though this is 
unlikely since the molecule would be nonlinear 


26 Thompson and Linnett, J. Chem. Soc. 1399 (1937). 
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in this case and would not therefore be expected 
to resonate with the linear structure. An alter- 
native explanation is that this decrease may occur 
because of the ‘‘lone pair’ of electrons on the 
carbon atom in the isocyanide molecule. 

The value of 5.0105 for the carbon-hydrogen 
stretching force constant in methyl cyanide and 
isocyanide suggests that the length of this bond 
is 1.086A, as in methyl iodide. 

In conclusion I wish to thank Dr. B. L. Craw- 
ford who, because of the present situation in 
Europe, has been kind enough to carry through 
the publication of this paper. 
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A detailed investigation of the high temperature photolysis of acetaldehyde vapor has 
given results differing in certain details from those of previous investigators. The heat of 
activation found for the over-all reaction (8.60.3 kcal.) leads with one assumption to a 
value of 75 kcal. for the energy of the C—C bond in acetaldehyde. The reaction between 
methyl radicals is rather accurately bimolecular. Values are given for the relative quantum 
efficiencies for the production of free radicals in acetone and acetaldehyde at elevated tem- 


peratures at two wave-lengths. 


N a previous paper! the authors had occasion 
to repeat some of the experiments of Leer- 
makers’ on the high temperature photodecompo- 
sition of acetaldehyde vapor and found, in the 
course of this work, several discrepancies which 
could not at the time be explained satisfactorily. 
In view of the interest and importance which 
attaches to this photochemical process, it was 
thought desirable to extend the investigations in 
an effort to reveal the cause of the discrepancies 
and in order to settle any doubts concerning the 
rate law followed by the process. In addition 
special experiments have been carried out to test 
specific points of interest concerning the mecha- 
nism of the decomposition and the origin of the 
fluorescence of acetaldehyde. 
~ * Present address, Department of Chemistry, Amherst 
College, Amherst, Massachusetts. 
1G. K. Rollefson and D. C. Grahame, J. Chem. Phys. 


7, 775 (1939). 
2 J. Leermakers, J. Am. Chem. Soc. 56, 1537 (1934). 





EXPERIMENTAL METHOD 


The experimental methods employed were es- 
sentially the same as those used previously. 
Monochromatic light, obtained by the use of a 
quartz mercury arc and fused quartz prism 
monochromator, was measured with the aid of 
two barrier-layer photronic cells as previously 
described. The calibration of the apparatus for 
the determination of absolute quantum yields 
has been carried out by a more elaborate method 
than we have used before and is described below. 

Much care has been taken in all experiments 
to exclude the last traces of air. For this purpose 
the system was always evacuated to a very low 
pressure (10-5 mm or better) and the reaction 
vessel then flushed out briefly with degassed 
acetaldehyde. When for any reason air had been 
admitted into the reaction vessel, this was re- if 
moved by pumping and heating to a temperature 
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HIGH TEMPERATURE PHOTOLYSIS OF ACETALDEHYDE 


higher than that subsequently to be employed. 
The acetaldehyde used was distilled twice in 
vacuum and was further degassed by alternately 
boiling it and pumping off the vapors. As before, 
the acetaldehyde was stored in contact with 
hydroquinone and anhydrous calcium sulfate. In 
all experiments with pure acetaldehyde vapor, 
stopcocks and stopcock grease were entirely ab- 
sent. This is not known to be necessary, but since 
it introduced no great inconvenience, it was 
thought to be desirable. In the experiments with 
mixtures of acetone and acetaldehyde vapors, 
however, the acetone was confined in a reservoir 
closed with an ordinary glass stopcock greased 
with Apiezon L stopcock lubricant. There is no 
reason to believe that this circumstance intro- 
duced any error into the measurements since 
acetone vapor is relatively inert and since acetal- 
dehyde vapor did not come into contact with this 
stopcock at any time. 

Temperatures were measured with a copper- 
constantan thermocouple in conjunction with a 
high grade Leeds and Northrup potentiometer. 
The thermocouple was calibrated in the usual 
manner from cooling curves of several pure 
metals. The thermocouple wires were wound 
around the reaction vessel in a manner which 
insured good contact with the cell. Since the 
reaction vessel was relatively short (5.4 cm) and 
the electric furnace housing it was much larger, 
there is little reason to doubt that the tempera- 
of the cell was fairly uniform. A few experiments 
were carried out with a stirrer operated inside 
the furnace to circulate the air and to insure a 
more uniform temperature throughout. These 
experiments agreed well with identical experi- 
ments performed without such stirring. Every 
effort was made to obtain correct temperature 
measurements in these experiments, since it 
seemed possible that the discrepancy between 
our results and those of Leermakers might be 
explained by an error either in his temperature 
measurements or in ours. 

Analyses were carried out as before by the 
method of Blacet, MacDonald and Leighton,*: 4 
except that in a few cases the amount of volatile 


°F, E. Blacet, G. D. MacDonald and P. A. Leighton, 
Ind. Eng. Chem. Anal. Ed. 5, 272 (1933). 

‘F. E. Blacet and G. D. MacDonald, Ind. Eng. Chem. 
Anal. Ed. 6, 334 (1934). 
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TABLE I. Absorption coefficients of acetaldehyde vapor. 








3130A 2652A 


7 €, LITERS MOLES“! CM™! €, LITERS MOLES~! CM~ 
300°C 18.9 16.9 
200 17.6 17.1 
100 3.7 16.7 
60 14.9 — 
30 14.9 17.9 








gases produced in the reaction was too small to 
be analyzed accurately even by these micro- 
methods. In these cases it was assumed that the 
product gases contained 48.5 percent of CO, this 
being the average of the analyses of many other 
samples obtained under similar conditions. We 
note also that this value agrees satisfactorily 
with the CO/(CO+CH,+H)) ratios obtained by 
Blacet and Volman® at 30°. 

In order to limit possible side reactions with 
the products of the photolysis, only a small 
fraction of the acetaldehyde present was decom- 
posed in an experiment. The fraction of the inci- 
dent light absorbed was calculated from the ab- 
sorption coefficients given in Table I, taking into 
account the slight change in concentration of the 
acetaldehyde occurring during the photolysis. 

Prolonged irradiation of hot acetaldehyde 
vapor finally results in an approximate doubling 
of the initial pressure. However, after a short 
irradiation the pressure increases less than one 
calculates from a measurement of the amount of 
carbon monoxide and methane formed. This 
evidently means that at elevated temperatures, 
as at 30°, polymer formation and decomposition 
both occur during the irradiation and that the 
polymer decomposes photochemically in a pro- 
longed irradiation. No detailed study of the 
kinetics of the polymerization process has been 
carried out, but the existence of such a process 
casts doubt upon the results of those investigators 
who have used pressure measurements to follow 
the course of the reaction.® 


CALIBRATION OF THE OPTICAL SYSTEM 


The calibration of the optical system for the 
determination of absolute quantum yields has 


5F, E. Blacet and D. Volman, J. Am. Chem. Soc. 60, 
1243 (1938). 

6J. W. Mitchell and C. N. Hinshelwood, Proc. Roy. 
Soc. A159, 32 (1937). 
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been done by a comparison of our results at 30°C 
with the absolute quantum yields of decomposi- 
tion of acetaldehyde given by Leighton and 
Blacet.? At \=3130A, these authors have given 
values for the decomposition quantum yield 
under conditions which could be closely repro- 
duced in our apparatus except that our reaction 
vessel was short (5.4 cm) compared to theirs. 
Inasmuch as the quantum yield of decomposition 
is a function of the light intensity, a small correc- 
tion was necessary before the comparison could 
be made. From the plot of ya vs. 1/(Zavs)! given 
by Blacet and Volman® for the decomposition 
quantum yield of acetaldehyde at 30°C, 200 
mm pressure, and using light of wave-length 
3130A, we obtain the equation: 


git? #1304, 200 mm = 0.17 -+0.250X 10- Tare. 


This equation gives the quantum yield of 
formation of carbon monoxide in a short reaction 
vessel as a function of the intensity of light 
absorbed, where the latter is expressed in the 
units, Einsteins cc! sec.—1.8 We have used it 
directly to set all of our quantum yield deter- 
minations at \=3130A on an absolute basis. 

At the wave-length \=2652A, data were not 
available for writing an empirical equation of the 
same sort. Accordingly we have carried out a 
series of experiments to determine the form of 
the equation required and have used Leighton 
and Blacet’s data at 2652A, together with our 


TABLE II. Quantum yield of decomposition of acetaldehyde 
at 30°C with light of wave-length 2652A. 














(CHsCHO) YoBS YCALC 
MOLES/cc Te Taps MOLECULES | MOLECULES 
X 106 ERGS/SEC. ERGS/SEC. QUANTUM QUANTUM 
16.92 1820 1455 0.87 0.87 
16.13 1820 1425 .86 87 
15.87 1415 1100 89 .90 
10.68 1415 904 89 .90 
10.65 1415 900 .90 .90 
10.50 1420 900 .92 .90 
10.60 523 332 1.19 1.07 
10.57 523 332 0.99 1.07 
10.84 163 105 1.46 1.41 
10.67 162 105 1.39 1.41 
5.36 1415 566 0.91 0.92 
2.78 1415 330 .99 .98 




















7P. A. Leighton and F. E. Blacet, J. Am. Chem. Soc. 
55, 1766 (1933). 

8 We are indebted to Professor P. A. Leighton for infor- 
mation which made it possible to restate his results in 
these units. 


own, to fix the absolute magnitude of the con- 
stants. The equation so derived is: 


7 ai 26524 — 0.63+0.445 X10-T ans 
+0.016(CH;CHO)J,1,~+ 


where yq**: 24 is the quantum yield of carbon 
monoxide formation in a short reaction vessel at 
2652A from acetaldehyde at 30°, (CH3;CHO) is 
the concentration of acetaldehyde vapor in 
moles per cc, and J,,s is the intensity of light 
absorbed in Einsteins cc~ sec.—!. It will be noted 
that the last term in this expression, which has 
the form of the important part of the high tem- 
perature equation, (vide infra) makes only a 
small contribution to the total quantum yield at 
ordinary concentrations of acetaldehyde. This 
contribution, moreover, is much less than that 
expected from an extrapolation of the high 
temperature results to 30°. This falling off of the 
high temperature term is undoubtedly to be 
attributed to the increased stability of acetyl 
and formyl radicals at temperatures below 100°. 

It is of interest that an equation similar to the 
one above can be derived from the following set 
of reactions: 


(1) CH;CHO+hv—CH,+CO, (Ri) 
(2) CH;CHO+hv—CH;+CHO, (Ro) 
(3) CH;3+CHsCHO—-CH.i+CH;CO, (ks) 
(4) CH;CO—CH;+CO, (Ra) 
(5) CHsCO+HCO—-CH;CHO+CO. (ks) 


Corresponding to this set of reactions the expres- 
sion for the quantum yield of CO formation is :° 


va=hkithketkskobks laps, 


which has the form of the empirical expression 
except that it omits the small high temperature 
term. The important feature of the above reac- 
tion scheme is that it makes the unimolecular de- 
composition of the acetyl radical the rate- 
determining step. A more complicated mecha- 
nism in which this feature was retained, but in 
which several alternative chain-terminating steps 
were included, would probably result in a rate 
equation almost equivalent to the one here de- 


*In this derivation we have assumed that reaction 3 is 
rapid compared to reaction 4. 
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TABLE III. Summary of data. 

































































Cco- 
TaBs (CHsCHO) | Propucep 
Io Tans t QUANTA MOLES/cc | MOLECULES | MOLECULES 
Exp. z, ERGS/SEC. ERGS/SEC. SEC. X 10716 x 10-6 X 10718 QUANTUM ke 
3130A 
1 350 976 280 600 2.67 3.44 21.30 799 324 
2 300 1293 378 600 3.61 3.39 14.06 389 186.5 
3 200 735 431 240 1.65 9.28 3.70 224.5 41.9 
4 200 4465 1930 360 11.05 5.95 6.95 62.8 38.7 
5 200 699 297 720 3.48 5.98 5.74 166 40.2 
6 200 4465 1353 360 8.02 3.94 4.00 49.9 39.4 
7 200 4465 544 900 7.94 1.39 2.41 30.4 42.8 
8 200 4465 325 1800 9.30 0.794 2.22 20.4 45.8 
9 100 985 226 9000 $2.3 3.04 2.48 7.7 3.1 
2562A 
10 350 1147 302 600 2.45 3.36 15.40 628 248 
11 300 1435 542 360 2.64 5.25 9.76 370 127 
12 300 1435 346 361 1.69 2.92 4.48 265 131 
13 300 1420 165 1080 2.41 1.36 3.96 164 111 
14 300 1435 81 2700 2.96 0.64 2.80 95 102 
15 300 1560 363 495 2.43 2.92 6.32 260 131 
16 300 555 128 810 1.40 2.89 5.97 425 129 
17 300 223 52 1440 1.01 2.91 5.80 574 110 
18 252 1425 313 900 3.80 2.74 5.63 148 73.4 
19 212 1425 322 1200 5.23 2.89 4.23 81 39.2 
20 200 1135 291 2400 9.43 3.26 6.89 73 30.0 
21 100 1140 288 7200 28.0 3.19 2.08 7.4 2.7 
22 96 1420 544 3600 26.4 5.25 1.79 6.8 2.1 
23 96 1420 324 4200 18.4 2.85 1.05 5.7 2.5 
24 96 1420 51 25800 17.7 0.40 0.52 2.9 3.2 
3303A 
25 300 43.4 5.8 1200 0.117 5.61 4.43 3775 142 
26 200 44.2 5.9 2400 .239 5.62 1.88 788 30 
27 100 46.3 6.2 7200 750 5.61 0.39 52 2.0 
28 60 ~84.0 11.2 30420 5.73 5.58 0.42 ~7A4 



































rived. Unfortunately, such a calculation cannot 
be carried out because of the nature of the 
mathematical difficulties encountered. Reaction 
5 in the above scheme is the simplest, but not the 
most probable, chain-terminating step in a 
mechanism embodying the desired features. It 
was adopted because it rendered possible the 
mathematical solution of the problem. 

Regardless of the reaction mechanism as- 
sumed, the dependence of the quantum yield 
upon the light intensity proves that free radicals 
play a part in the reactions at room temperature 
at 2652A and at 3130A. 

The experimental data obtained at 30° and 
\=2652A are given in Table II. The generally 
good agreement between ors and ‘Yeale shows, 
merely, that the empirical equation fits the data 
from which it was originally obtained. 





It has frequently been assumed that the ab- 
sorption coefficient of acetaldehyde vapor does 
not vary appreciably with a change of tempera- 
ture.?: ® 1° The results of our measurements, con- 
tained in Table I, show that this assumption is 
not fully justified for light of wave-lengths 3130 
or 2652A. At any one temperature, however, we 
find that Beer’s law is obeyed. 

Using filtered light from a mercury arc Leer- 
makers? found much less light absorbed by 
acetaldehyde vapor than one would calculate 
from Table I for monochromatic light. This 
means, of course, that light of longer wave-length 
than \=3130A was present, since light of longer 
wave-lengths would be absorbed much less or not 
at all. At temperatures above 200°, Leermakers 


10E. I. Akeroyd and R. G. W. Norrish, J. Chem. Soc. 
890 (1936). 
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calculated the fraction of light absorbed from 
these ‘‘averaged” absorption coefficients, a pro- 
cedure which is unsatisfactory where the con- 
centration of acetaldehyde differs appreciably 
from that at which the absorption coefficient 
was measured. 

Akeroyd and Norrish’? repeated and extended 
Leermakers’ investigation of the photolysis of 
acetaldehyde at elevated temperatures, but their 
optical arrangements were not suitable for precise 
measurements of photochemical reaction rates. 


RESULTS AND DISCUSSION 


The results of our experiments on the pho- 
tolysis of acetaldehyde vapor at elevated tem- 
peratures are presented in Table III. The second 
column gives the temperature, the third, the 
light energy incident upon the acetaldehyde 
vapor, the fourth, the light energy absorbed by 
the vapor, the fifth, the time of irradiation, the 
sixth, the total number of light quanta absorbed, 
the seventh, the average concentration of acetal- 
dehyde vapor in the quartz reaction vessel during 
the run, the eighth, the yield of CO obtained, the 
ninth, the observed quantum yield, the tenth, 
the observed value of the rate constant ke evalu- 
ated from Eq. (II) below, and given in the units 
Einsteins~? cc} sec.~}. 

Most experiments have been run in duplicate 
or triplicate, in which case data are given for one 
typical run. Duplicate runs ordinarily Agreed 
within about three percent. 

From the data in Table III we may test the 
validity of the rate law given by Leermakers: 


d(CQ) 
Gp alana t ea CHsCHO) (Tans)! (I) 


or its equivalent form: 
va=kit+ke(CH3sCHO) (Ja5)~?. (II) 


The quantity k; is negligible in all experiments 
except No. 21-24, where a value of 0.63, given by 
the experiments at room temperature, has been 
used in the calculations. 

The experiments performed at 3130A show a 
satisfactory agreement with Eqs. (I) and (II), 
as is indicated by the approximate constancy of 
ky at any one temperature." A plot of log ke vs. 


4 Data already published (reference 1) show that ke is 
sensibly constant over a fivefold range of light intensities. 


ROLLEFSON 


1/T gives a linear relation with a slope corre- 
sponding to an activation energy of 8.6 kcal. 
Leermakers also found agreement with Eqs. (I) 
and (II), but his values of ke are considerably 
lower than ours and his over-all activation energy 
is considerably higher. Part of the discrepancy 
may be due to causes already discussed (errone- 
ous absorption coefficients, etc.) but the differ- 
ences are too large to be accounted for in this 
way entirely. Since many cross checks have been 
made to verify the accuracy of our experimental 
procedures, we feel considerable confidence in the 
present values. As usual in such experiments, the 
relative values of the rate constants may be 
expected to be more reliable than the absolute 
values. 

It appears likely from data to be presented 
below that both methyl and formyl radicals are 
capable of inducing a chain decomposition in 
acetaldehyde at elevated temperatures. These 
effects may be attributed either to a catalytic 
action of the radicals or to definite reactions of 
the sort usually adopted to explain chain reac- 
tions. In view of the high reactivity of free 
radicals in general, it seems safe to assume that 
definite chemical reactions (apart from catalytic 
effects) occur at least part of the time in long 
reaction chains such as we have to deal with in 
the high temperature photolysis of acetaldehyde. 
Such an assumption leads to the conclusion that 
formyl radicals formed in the primary photo- 
chemical dissociation process will be short lived 
under the experimental conditions, either because 
of a decomposition into hydrogen atoms and 
carbon monoxide or because of a reaction with 
acetaldehyde to give, for example, formaldehyde 
and acetyl radicals. Any such scheme ultimately 
results in the formation from formyl radicals of 
methyl radicals equal in numbers to the formyl 
radicals destroyed. Thus we conclude that the 
chain-terminating step in the high temperature 
photolysis of acetaldehyde involves a reaction 
between methyl radicals, since these are the only 
radicals present in appreciable concentrations. 

Experiments 3 to 8 (Table III) were carried 
out under conditions especially favorable to a 
study of the kinetics of the chain-terminating 
step. If this reaction is bimolecular, the rate law 


At very low light intensities k, falls off markedly, as dis- 
cussed later. 
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derivable from any of the usual reaction schemes 
for the high temperature photolysis of acetalde- 
hyde requires the rate of decomposition to be 
proportional to the first power of the concentra- 
tion of acetaldehyde, which is the relationship 
actually found. On the other hand, if the reaction 
requires the presence of a third body, the third 
body would have to be acetaldehyde under the 
conditions of our experiments. Under such cir- 
cumstances, the rate should be proportional to 
the square root of the acetaldehyde concentra- 
tion, a requirement definitely excluded by the 
experimental facts. We conclude, therefore, that 
the reaction of two methyl radicals is rather 
accurately bimolecular. Although theoretical 
considerations make it appear improbable that 
two methyl radicals could combine to form a 
stable ethane molecule, the results of Cunning- 
ham and Taylor” on the photolysis of dimethyl 
mercury are difficult to explain without the use 
of such a reaction. The reactions: 


CH;+CH;—-CH,+CH, 
and CH;+CH;—C.H,+H:. 


would produce methane or hydrogen, neither of 
which was obtained by Cunningham and Taylor 
in appreciable amounts. 

In accordance with these ideas we write for the 
high temperature photolysis of acetaldehyde re- 
actions 1, 2, 3 and 4 above, together with the 
following : 


(6) CHO—-CO+H, (Re) 
(7) H+CH;CHO-H:+CH;CO, (k;) 
(8) CH3;+CH;3—CoHg. (Rs) 


This set of reactions is almost identical with the 
scheme proposed by Rice and Herzfeld" for the 
thermal decomposition of acetaldehyde. 

It may be that reactions (2) and (6) occur in 
a single step as may also reactions (3) and (4). 
Reaction (8) has been selected for the reasons 
stated above. Its exact nature does not affect the 
rate law nor our considerations. 

The above system of reactions leads to the 
rate law: 





® J. P. Cunningham and H. S. Taylor, J. Chem. Phys. 
6, 359 (1938). 

* F. O. Rice and K. F. Herzfeld, J. Am. Chem. Soc. 56, 
284 (1934), 
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d(CO) /dt = Rilabst+ 2Rel avs 
+v2k3ko'k, (CH3;CHO) Jay! 


for which the over-all heat of activation at 
elevated temperatures will be: 


Ephotochem = E3— 4 3=8.6+0.3 kcal. (IIT) 


It is still uncertain whether or not the thermal 
decomposition of acetaldehyde proceeds through 
a free radical mechanism, but some recent evi- 
dence lends support to the assumption that it 
does so in the range of temperatures and pres- 
sures ordinarily employed.“ If we assume that 
the first step in the thermal reaction is chiefly: 


(9) CHsCHO-—CH;+CHO, (hg) 
the rate of decomposition will be given by 
d(CH;CHO) /dt = 2k9(CH;CHO) 
+v2ks3ko'ks?(CH;CHO)? (IV) 


and for the over-all heat of activation of the 
reaction (given by Letort" as 46+0.5 kcal.) 


Evhermai = E3— SEs+3E,=46.0+0.5 kcal. (V) 


Regardless of the particular chain mechanism 
assumed, the coefficients of E; and Es in Eqs. 
(III) and (V) will be the same, hence one can 
subtract one from the other to get an equation 
independent of the chain mechanism and inde- 
pendent of any assumptions regarding the magni- 
tudes of E; and Es. Thus one obtains: 


2(E thermal rr EE snctechem) _ E, =2 ( 46— 8.6 ) 
= 74.8+1.6 kcal. 


This result is to be compared with that of Rice 
and Johnston who, by a direct method, obtain 
E,=69.4+3 kcal. The disagreement may be at- 
tributed to error in one or more of the three 
measurements involved or to error in the as- 
sumption made above regarding the mechanism 
of the first step in the thermal decomposition. 
A study of the heat of activation of the thermal 
decomposition of azomethane-acetaldehyde mix- 
tures by Allen and Sickman"® taken together with 
data on the heat of activation of the thermal 


» ‘M. Letort, J. chim. phys. 34, 265, 355, 428 (1937). 
%F. O. Rice and W. R. Johnston, J. Am. Chem. Soc. 
56, 214 (1934). 
16 A. O. Allen and D. V. Sickman, J. Am. Chem. Soc. 
56, 2031 (1934). 
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decomposition of azomethane alone, leads to a 
value of E;—4}H£s=13.8+2 kcal. This is much 
higher than the value 8.6+0.3 kcal. obtained in 
the present investigation directly from the heat 
of activation of the photolysis of acetaldehyde. 
The disagreement in this case is possibly due to 
an erroneous assumption regarding the mecha- 
nism of the pyrolysis of azomethane.!”? A com- 
bination of the value of E;—3Es given by the 
azomethane-acetaldehyde method with the heat 
of activation of the thermal decomposition of 
acetaldehyde gives a value of Ey =64.4+5 kcal. 
This agrees with Rice and Johnston’s value 
(69.4+3), but the agreement would appear to 
result from the large limits of error assigned to 
the two values. 

Our experiments on the high temperature 
photolysis of acetaldehyde at 2652A lead to a 
heat of activation for the over-all reaction of 
8.3+0.5 kcal. This is equal, within the limits of 
error, to that observed at 3130A. 

The experiments carried out at elevated tem- 
peratures with light of wave-length 2652A gave 
only an approximate agreement with Eqs. (I) 
and (II) (Table III). At 300° the effects of vary- 
ing the pressure and light intensity appear to 
indicate that some recombination occurs at the 
walls. That this effect was not observed at 3130A 
is probably to be attributed to the higher light 
intensities available at that wave-length which 
gave rise, therefore, to a shorter mean life for 
the radicals. In other experiments, not listed in 
Table III, similar deviations were noted when 


light of wave-length ~3130A was used at very. 


low incident intensities. 


TABLE IV. Rates of decomposition of acetone-acetaldehyde 














mixtures. 
¥ 
MOLE- 
(CHsCHO)| (CHsCOCH;)| CULES Taps 
MOLES/CC MOLES/CC QUAN- | Ernst. cc7! 
A TC xX 106 x< 106 TUM SEc.~! X10"? ke 
3130 | 200 3.33 0 41.9 9.4 38.6 
200 3.39 0 42.2 9.6 38.6 
200 y By 3.82 26.6 13.7 36.2 
200 3.08 3.88 28.5 14.4 35.1 
200 3.36 2.76 33.4 13.5 36.5 
2652 | 300 3.67 0 44} 1.16 129 
300 3.06 0 405 0.99 132 
300 2.90 2.88 316 2.08 157.5 
300; 2.85 2.84 315 1.90 152.5 


























17 T. W. Davis, F. P. Jahn and M. Burton, J. Am. Chem. 
Soc. 60, 10 (1938). 


At 96° the reaction deviates considerably from 
the high temperature rate law but in the opposite 
direction from the above-mentioned deviations. 
Too few experiments were performed to charac- 
terize the rate law completely, but the sign and 
magnitude of the deviations showed clearly that 
the low temperature mechanism was becoming 
important at that temperature. 

Several experiments were carried out with 
light of wave-length 3303A from a sodium vapor 
lamp. Although the light intensity was incon- 
stant and exceedingly small one can estimate 
that the heat of activation for the over-all reac- 
tion (between 200 and 300°) was again about 8.3 
kcal. The values of ke were smaller than those 
observed at 3130A, but in view of the very low 
light intensities used, this result should be at- 
tributed to recombination of methyl radicals at 
the walls. The high quantum yield observed at 
60° demonstrates the existence of a pronounced 
chain reaction even at a temperature where the 
acetyl and formyl radicals may be long lived or 
stable. A similar result was obtained by Leighton 
and Blacet’ at 3342A and 30°C, where high quantum 
yields were observed at very low light intensities. 

A few experiments have been carried out on 
the photolysis of mixtures of acetone and acetal- 
dehyde vapors in an effort to measure the rela- 
tive yields of free radicals per quantum of light 
abosrbed in the two substances. The experi- 
mental conditions were such that the fraction of 
the incident light absorbed by each substance was 
accurately known. The results are presented in 
Table IV. ke is the rate constant calculated from 
the relation, ke=~y(Ja»s)}(CHs;sCHO). Other 
things being equal, it may be thought of as a 
quantity proportional to the quantum yield of 
decomposition of the acetaldehyde. Since acetone 
does not suffer a chain decomposition under 
these conditions, the acetone contributes free 
radicals but does not otherwise alter the quantum 
yield appreciably.'* 

18 Methyl radicals react slightly with acetone at ele- 
vated temperatures to yield methane and, presumably, 
CH,COCH; (J. Leermakers, J. Am. Chem. Soc. 56, 1899 

(1934); Taylor and Rosenblum, J. Chem. Phys. 6, 119 
(1938)). Since the radical CH2COCH; is undoubtedly very 
reactive chemically (or else unstable to yield reactive 
fragments) we assume that its reactions are analogous to 
those of methyl radicals in the system. If such is the case, 
the presence of acetone will have no significant effect on 


the quantum yield of disintegration, even at temperatures 
such that methyl radicals react readily with acetone. 
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Qualitatively the results show (1) that at 
3130A the yield of free radicals is slightly greater 
in acetaldehyde than in acetone, (2) that at 
2652A the reverse is true, and (3) that both 
methyl and formyl radicals are capable of in- 
ducing decomposition in acetaldehyde. This last 
statement is derived from the fact presented by 
Gorin!® that the efficiency of the primary process 
for the production of free radicals from acetone 
at 3130A is about 0.8. Since, then, on the average 
about 1.6 radicals are formed in acetone per 
quantum of light absorbed, and since we find 
slightly more than that number in acetaldehyde 
(statement 1 above), it follows that both methyl 
and formyl radicals participate in the chain de- 
composition of acetaldehyde. 

The participation of formy] radicals is probably 
via reactions 6 and 7 above. Alternatively, if it 
should later be found that formyl radicals are 
stable at 200°C (in the absence of acetaldehyde 
vapor, of course), one could suppose that formyl 
radicals react with acetaldehyde directly to 
form, perhaps, formaldehyde and CH;CO. In 
either case, each formyl radical is replaced ulti- 
mately by a methyl or acetyl radical and its 
efficiency in promoting the decomposition of 
acetaldehyde will be that of the methyl and 
acetyl radicals formed from it. 

One can calculate from the data in Tables III 
and IV the relative yields of free radicals per 
quantum of light absorbed in acetone and acetal- 
dehyde at 3130 and 2652A. The figures so ob- 
tained are presented in Table V. Because of the 
high sensitivity of the calculations to small 
experimental errors and because of uncertainties 
regarding the exact role of the acetonyl radical 
discussed above, the results are of semi-quantita- 
tive significance only. By setting the highest of 
these relative values in Table V equal to unity, 
our value for acetone at 3130A is roughly in 
agreement with the absolute determination of 
the same quantity by Gorin. The figures in 
Table V therefore, can be considered as approxi- 
mately correct on an absolute basis. 


OBSERVATIONS ON THE FLUORESCENCE OF 
ACETALDEHYDE 


It has already been reported that the fluores- 
cence of acetaldehyde vapor decreases in intensity 





*? E. Gorin, J. Chem. Phys. 7, 256 (1939). 
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TABLE V. Relative quantum efficiencies for the primary 
photochemical processes in the dissociation of acetone and 
acetaldehyde into free radicals at elevated temperatures. 














AA ACETALDEHYDE ACETONE 
3130 1.00 0.70 
2652 0.55 0.92 








with increasing temperature,! and we have in- 
terpreted this result to mean that the predissoci- 
ation process is favored by the increased vibra- 
tional energy of the activated molecules. Such 
an interpretation would not necessarily be valid 
if, as it has been suggested,”°: *! the fluorescence 
of acetaldehyde were due to a combination of 
acetyl radicals to form activated biacetyl. This 
would require that the fluorescence should per- 
sist for a time comparable to the lifetime of the 
acetyl radicals themselves. Observations made 
through a pair of rotating sectors so arranged 
that the reaction vessel was viewed 1/400 second 
after illumination with light of wave-length 
3130A revealed no afterglow in acetone or 
acetaldehyde vapor. We conclude either that the 
fluorescence of these substances is not due to the 
recombination of acetyl radicals or that the life- 
time of these radicals is short compared to the 
interval between illumination and observation. 
There are no data available for an independent 
estimate of the lifetime of acetyl radicals under 
these conditions. 

It has been reported that no fluorescence is 
observed in acetaldehyde irradiated with light of 
wave-length 2652A.':7 A re-examination of this 
observation by a more sensitive method than we 
have used heretofore reveals a very slight fluo- 
rescence in acetaldehyde at this wave-length. If 
fluorescence had been found to be entirely ab- 
sent, it would have been difficult or impossible 
to reconcile this observation with the ‘‘biacetyl” 
theory of the origin of the fluorescence in view of 
the fact established above that acetaldehyde 
decomposes in part via a free radical mechanism 
under the same conditions. The very low in- 
tensity of the fluorescence observed, however, 
still presents a considerable difficulty in the way 
of accepting the biacetyl theory of fluorescence 


as applied to acetaldehyde. 


20 W. A. Noyes and F. C. Henriques, J. Chem. Phys. 7, 
767 (1939). 

*tM.S. Matheson and J. W. Zabor, J. Chem. Phys. 7 
536 (1939). 
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Acoustic interferometer measurements at approximately 
28°C and atmospheric pressure were made from which the 
velocity and the absorption in CO2 were computed. 
Various H,O-concentrations were used with each fre- 
quency, covering the range 284 to 1595 kc/sec. At each 
frequency, u (the absorption per wave-length) rises with 
increasing humidity to a maximum of about 0.28 and 
then drops slowly, but with the lower frequencies it also 
passes through a shelf or minor peak before saturation is 
reached. As the first absorption peak is approached the 
velocity drops about 10 m/sec. and a 1-m/sec. drop occurs 
near the minor peak. As the frequency is increased the 


critical H2O-concentration hm» is increased also but at 
different rates for the two peaks. For the major peak 
fm =(60+8(10)4h] kc/sec. for the minor peak fn’=[50 
+2(10)*h’] kc/sec. Thus the average lifetime of a quan- 
tum of vibrational energy is decreased rapidly with 
humidity. These facts are presented as graphs. They are 
also correlated with results by other investigators, none 
of whom has observed a minor absorption peak and 
dispersion region. 

Most of these facts are represented quite accurately by 
theory, the results of which are included. 





EXPERIMENTAL PROCEDURE 


HE experimental'~* and theoretical’ work 
reported in this article is a continuation of a 
general investigation of sound velocity and 
absorption in gases. The velocity of sound is 
determined by measuring the ‘“‘resonance”’ posi- 
tions of the reflector in an acoustic interferometer. 
The frequency is obtained by beating it or one of 
its higher harmonics with the carrier frequency 
of one or more radio broadcasting stations. The 
absorption is determined from the changes in 
plate current in the driving circuit as the acoustic 
path is increased. 

The readings used in calculating the sound 
velocity and the sound absorption were taken 
simultaneously so the two calculated values are 
for the same conditions. The temperature was 
approximately 28°C in each case. (Extremes 26° 
and 30°C.) The pressure was the existing 
barometric pressure (72-75 cm). The CO: was 
obtained from a tank of commercial grade COs or 
by vaporizing solid CO: (dry ice) and passing it 
through dryers or humidifiers and thence through 
the sound chamber. In order to obtain vapor 
pressures between zero and 4.57 mm, two cali- 
brated flow meters were used in parallel. One of 


1W. H. Pielemeier, Phys. Rev. 34, 1184 (1929). 

2W. H. Pielemeier, Phys. Rev. 36, 1005 (1930). 

3 W. H. Pielemeier, Phys. Rev. 38, 1236 (1931). 
4W.H. Pielemeier, Phys. Rev. 41, 833 (1932). 

5 W. H. Pielemeier, J. Acous. Soc. Am. 7, 37 (1935). 
6 W. H. Pielemeier, J. Acous. Soc. Am. 9, 212 (1937). 
7H. L. Saxton, J. Chem. Phys. 6, 30 (1938). 
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these carried CO, that then passed through a 
drying tube containing phosphorus pentoxide 
(P2O;), and the other carried COz that then 
passed through two humidifiers in series which 
were immersed in an ice bath. Then the mixed 
stream passed through the interferometer while 
the necessary plate currents and reflector posi- 
tions were observed. For higher humidities only 
the two humidifiers in series in the proper 
temperature bath were used. It was found, after 
taking many discordant readings, that the inner 
wall surface of one of the interferometers was 
highly hygroscopic so its equilibrium humidity 
was adjusted to the desired value and then the 
CO: was humidified to this same value. Thus this 
property served as a stabilizer of vapor pressure 
and a bane was converted into a blessing. 
Unfortunately this interferometer is not adapted 
to the desired temperature control. Our new one 
has its gas chamber made of copper and it is 
fitted with a water jacket which is heat insulated. 
(See Fig. 1.) 

It is fitted with a thermometer graduated to 
0.1°C and with several thermocouples so that 
temperature gradients within the gas can be 
detected. It canalsobe fitted witha pressure gauge. 

In determining the velocity the first few 
resonance positions were discarded because they 
are irregularly spaced due to interference and 
diffraction effects.*: * For the cases of maximum 


8 M. Grabau, J. Acous. Soc. Am. 5, 1 (1933). 
9 E. Grossmann, Physik. Zeits. 35, 83 (1934). 











— 


ab 
tw 
tw 
me 


shi 


am 
niz 





ns 


; 
eak 
- [50 
uan- 
with 
, are 
none 
and 


ly by 


gh a 
»xide 
then 
vhich 
nixed 
while 
posi- 
; only 
roper 
after 
inner 
Ss was 
nidity 
on the 
us this 
essure 
essing. 
Japted 
aw one 
d it is 
ulated. 


ated to 
30 that 
can be 


> gauge. 
‘st few 
ise they 
ice and 
aximum 








” I 


SUPERSONIC EFFECTS OF H,0 IN CO; 
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Fic. 1. Cross section of new acoustic interferometer. A, water inlet; B, water outlet; W, water chamber; C, end plate; 
X, supersonic source; R, reflector; P, packing nut; 7, thermometer; J, thermocouple; K, electrical connections to super- 
sonic source; O, J, stopcocks communicating with gas chamber; F, screw frame; M, precision screw. 


absorption the uncertainty in the velocity is 
larger because the observable path length is small 
(30 to 40 half-wave-lengths). 

To observe the frequency of the quartz plate 
serving as sound source the signal from the 
driving circuit is fed into a radio receiver which is 
tuned to a broadcasting station having a fre- 
quency near one of the harmonics of the quartz 
plate. The audible ‘‘beat note” is made to pro- 
duce resonance in a telescoping tube held to the 
ear or it is matched with a calibrated audio 
oscillator. Some quartz plates vibrate in several 
modes simultaneously and emit supersonic waves 
of slightly different frequency than that observed 
electrically. In such cases it is best to calibrate 
the quartz plates with air or some other gas in 
the interferometer for which the sound velocity is 
known accurately.” 

Two methods were used to calculate the 
absorption. The first method is that of computing 
twice the logarithmic decrement in the height of 
two adjacent peaks of. the plate current. This 
method involves assumptions as to the relation- 
ship between the ‘‘amplitude” of the plate 
current in the driving circuit and the pressure 
amplitude at the crystal surface. This is recog- 
nized as an objection so the second method which 
does not involve these assumptions was devised. 
Plane waves and Alleman’s" reflection coefficient 
were assumed and the fraction of a wave-length 





10 W. H. Pielemeier, J. Acous. Soc. Am. 10, 313 (1939). 
"R.S. Alleman, Phys. Rev. 55, 87 (1939). 


beyond the tenth peak was calculated for which 
the plate current should be the same as it is at the 
twentieth peak. This was done for several 
assumed absorption values. These were plotted as 
a w versus Ax/d diagram. (See Fig. 2.) In practice 
the twentieth current peak was read. Then the 
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Fic. 2. uw vs. Ax curve. 
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Fic. 3. Velocity and absorption curves for CO, as functions 
of water vapor concentration. 


reflector was set for the same current immedi- 
ately preceding and following the tenth peak. 
Half of the distance between these adjacent 
reflector positions is the half peak width Ax and 
the corresponding yu value is read from the curve. 
Since the two methods agreed quite well for those 
quartz plates which yielded good wave forms it 
was concluded that the assumption involved in 
the first method was essentially correct for the 
apparatus in question. The maximum value of u 
thus obtained also agreed with the greatest value 
of u obtained with a pressure vane in 1932. 


EXPERIMENTAL RESULTS 


The various velocities and uw values at 284 
kc/sec. and 615 kc/sec. are shown as a function 
of h, the H.O concentration, in Fig. 3. Similar 
sets of readings for other frequencies were ob- 
tained. At higher frequencies the » peaks become 
more blunt or spread out and they are shifted 
toward larger h values. The dispersion region 
along the velocity curves is shifted in a similar 
manner. The minor uw peaks and the corre- 
sponding dispersion regions are shifted more 
rapidly. These facts are shown in Fig. 4 in which 
the supersonic frequencies fm and fm’ are plotted 
as functions of h, the concentration producing 
maximum absarption per wave-length. The 
primed symbols refer to minor peaks. 

The observed absorption at peak value is so 
great that a layer of CO2 in the resonance column 
12 wave-lengths thick absorbs about 99 percent 
of the wave energy. At the highest frequency 
(1595 kc/sec.) such a COsz layer is less than 2.1 
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mm thick. This is roughly comparable with the 
best sound absorbing materials for audible sound 
or black glass for visible light, or lead for x-rays. 


EXPLANATION OF RESULTS 


In a gas at equilibrium, the number of mole- 
cules per unit volume in any excited state is 
determined by the classical quantum statistics 
together with a knowledge of the value of the 
quantum of energy associated with that state 
as determined spectroscopically. There is then a 
certain probability that any molecule at collision 
may undergo a transition in which kinetic energy 
of translation is changed into internal energy or 
vice versa. Thus there is an average flow of 
energy into any internal state and, at equilibrium, 
an equal average flow out of that state. 

If equilibrium is disturbed so that a number of 
molecules greater than the equilibrium number is 
in an excited state, there are more molecules 
eligible for transition out of this state and fewer 
molecules eligible for transition into this state 
than at equilibrium. Accordingly the rate out 
exceeds the rate in until equilibrium is restored. 

In this connection the relaxation time, so often 
used, may be defined. In the case of a two-state 
gas (ground state and one excited state, other 
states so sparsely populated as to contribute a 
negligible amount to the specific heat) let us 
suppose that the number of molecules in the 





Fic. 4. The line of greater slope locates the H,O-concen- 
tration and the corresponding sound frequency producing 
maximum absorption per wave-length. The other line 
locates the corresponding concentration and frequency for 
the minor absorption peak. Maximum dispersion (in wave 
velocity) occurs just below critical H,O-concentration. 
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excited state exceeds the equilibrium number by 
5No at a particular instant. Then if the tempera- 
ture and pressure of the gas are held constant the 
gas will approach equilibrium by the law, 


5N=5 Noe", (1) 


where the number 6N is the deviation from 
equilibrium at any instant, ¢ is the time and risa 
constant having the dimensions of time and called 
the relaxation time. The relaxation time is thus 
the time required for the deviation from equi- 
librium to reach 1/e of its original value under the 
above stated conditions. For the two-state gas 
this constant is related to the collision transition 
parameter Si by the relation 


1 
_ pSio 1 +N, ‘No) 


Dwyer’s” work in which the persistence of 
molecular vibrations in iodine vapor were ob- 
served optically, illustrates the existence of a 
relaxation time. 

In more complicated cases, where other states 
are involved, the relaxation time is not so readily 
defined. Another element of time which we 
prefer to use is the mean lifetime of a quantum 
(hereafter called mean lifetime) which is the 
ratio of the number of molecules in an excited 
state to the rate at which they undergo transi- 
tions out of the state, at equilibrium. This 
constant 8 is related to the collision transition 
parameters by the relation 


B= 1/pSio 





(2) 
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Fic. 5. Relation between 5N; and 6T during propagation 
of sound wave, as functions of time. 


”R. J. Dwyer, J. Chem. Phys. 7, 40 (1939). 
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Fic. 6. The dotted bell-shaped curves are theoretical 
ones for 4=0, 0.27, 0.61 and 1.14 percent. The three that 
approach a peak near 1» =0.23 are for approximately 20°C 
and do not include external absorption. The other dotted 
curves are for 28°C and twice the classical absorption is 
included. The solid line K is drawn through Knudsen’s 
observed points and is extended beyond them to Gross- 
mann’s highest frequency. The other three solid lines are 
drawn through Schmidtmiiller’s observed points. Most of 
the authors’ observed points fit the curves. 


for the two-state gas and in general by 
B:=1/pL Six. (3) 
k 


The mean lifetime depends upon the collision 
rate and the efficiency of collisions in bringing 
about transitions. In pure carbon dioxide the 
mean lifetime for the first excited state of the 
deformation mode of vibration is about 4.5 X 10-® 
sec. at 28°C and 730 mm pressure as determined 
from our data and this is in good agreement with 
the average of other observations. Under these 
conditions, an efficiency of only about 1 in 50,000 
is indicated for CO2 molecules colliding with other 
CO: molecules. 

When a sound wave is passed through a gas, 
there result sinusoidal variations in temperature, 
5T, as illustrated in Fig. 5. 6N;, the variation of 
number of molecules in the ith internal state 
attempts to follow 6T but the mechanism, by 
which 6N; is produced, introduces a phase lag ¢ 
of 6N; behind 67. This phase lag is small at low 
frequency because the mechanism has time to 
maintain 6N; nearly at equilibrium. If the 
frequency is raised, or if the mean lifetime is 
increased (mechanism slowed down), the phase 
lag increases. 

The relation between phase lag and response of 
the excited state is graphically illustrated in Fig. 
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Fic. 7. Most of the data in columns 1-6 are taken from H. Sponer.* In two cases there is a 
shift from nearly equal undisturbed values to the observed wave number, v’. These are cases of 
“resonance splitting.’”” They are marked (rs). The states of the deformation mode are doubly de- 
generate (two degrees of freedom); hence the factors, 2, in the last column. 


5. The scales for 6N; and 6T are so chosen that 
the curves coincide at equilibrium. In the region 
a to b the number of molecules in the excited 
state is greater than the equilibrium number and 
hence is decreasing. If the value of the tempera- 
ture T at c could be held stationary for some 
time, as indicated by the dashed line, the value 
of 6N; would fall to equilibrium value for this 
5T, as indicated by dots and dashes, but since the 
value of 6T quickly rises, 5N; never reaches this 
equilibrium value but instead reaches equi- 
librium at b. It is then apparent that an increase 
in phase lag decreases the amplitude of 6N;. 

The observable effects of continuously in- 
creasing phase lag are first, an increasing velocity 
because the smaller excitation of the excited 
state makes the effective specific heat less, or 
makes the gas “‘stiffer’’ :!* second, a variation in 
intramolecular absorption, increasing at first 
because of the increasing phase lag but decreasing 


- H. Sponer, Molekiilspektren (Springer, 1935) Vol. I, p. 
18 H, L. Saxton J. Acous. Soc. Am. 10, 318 (1939). 


later because of the smaller excitation of the 
excited state. If the phase lag is increased by 
increasing the frequency of the sound wave, this 
latter effect gives rise to the bell-shaped absorp- 
tion curves of Fig. 6. 

A change in the phase lag of an excited state 
may be effected at constant. frequency by 
changing the mean lifetime as given by (3). It 
is apparent that the mean lifetime may be 
shortened by increasing the density so as to bring 
about more collisions per molecule per second. 
Also, the value of S,may be changed by changing 
the collision efficiency which depends on temper- 
ature and on the nature of the colliding molecules. 
For instance, water vapor molecules possess 
relatively high efficiency in bringing about transi- 
tions in the CO: molecule at collision. The 
addition of 0.1 percent of H2O molecules to 
carbon dioxide gas approximately doubles the 
average efficiency of all collisions, doubles the 
parameter S, and halves the mean lifetime. The 
authors have used principally this dependence of 
S on h to control the mean lifetime in CO. 
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SUPERSONIC EFFECTS OF 


Richardson'* has found an increased supersonic 
absorption in CO: when this gas is irradiated 
with infra-red rays of its own natural frequency. 
This indicates a change in 8. 

The data of Fig. 3 are explained as follows. At 
zero h, the mean lifetime of some group A of 
internal states is 4.510-® sec. This is long in 
comparison to the acoustic period divided by 27 
which is 5.6X10~7 sec. at 284 kilocycles, and 
2.6X10-" sec. at 615.5 kc. Consequently the 
internal state or states involved scarcely follow 
the temperature changes at all with a consequent 
“freezing out” of their contribution to the 
specific heat resulting in high velocity and low 
absorption. As h, the HO concentration, is 
increased, the mean lifetime decreases becoming 
equal to first the longer acoustic period, then the 
shorter, and finally less than either. This in- 
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carrying the absorption curves through their 
maxima. The most obvious explanation of the 
observed absorption shelf and minor velocity dip 
is a mean lifetime for some other group B of 
internal states which decreases less rapidly with 
increasing # than does the mean lifetime for 
group A. There is evidence that group A is the 
deformation mode of vibration (see Fig. 7) and 
group B the symmetrical valence mode. 

The pertinent mathematical formulas taken 
mostly from Saxton’s’ paper, with some modifi- 
cations, are: 


v’®=(RTg/M)(1+Rd/C), (4) 
v?=real part of v’?, (5) 
27 Ximaginary part of v’? 


= + He; (6) 
real part of v’? 





























creases the effectiveness of the internal specific aie 2rwCx (= ——) | (7) 
heat bringing the velocity curves down and p(R+C.)\3RT v°C,,? 
J joR 7 
(Ci+ C2)S10S21-+-——— {Nier2.Sio+No(€s = €1)*S21 } 
Cote pNk*T? 
C= Co + : +a é ’ (8) 
je Now? je No No N- No 
S»+— S10S21— += (1-2) Set —( )sa} 
p L Np* p N N\ MM, 
1 /Co(R+Co) \3 Co=effective molar heat capacity at very low frequency 
B -—( ime (9) (vibrational modes wholly effective). 
wm \ Ca(R+ Cx) C,= molar heat capacity associated with the symmetrical 


in which the symbols have the following sig- 
nificance : 


v’=complex velocity of sound 
v=actual velocity of sound 
u#= wave-length absorption constant 
#e=Classical wave-length absorption constant 
C=complex molar heat capacity 
8=mean lifetime of a quantum 
T=absolute temperature 
R=molar gas constant 
M=effective molecular weight of the mixture of gases 
p=density of the mixture of gases. 


g and d are factors resulting from the van der 
Waals correction (using the second virial coeffi- 
cient) and given by g=1+2bp/M—2ap/RTM 
and d=1+ap/RTM, in which a and } are van der 
Waals’ constants. 


C..=effective molar heat capacity at very high frequency 
(vibrational modes “frozen out”). 
eS 


“E.G. Richardson, Nature 143, 638 (1939). 


valence mode. 

C,=molar heat capacity associated with the first state 
of one 5-mode. 

C:=molar heat capacity associated with the second 
state of one 6-mode. 

S»=collision transition parameter for the symmetrical 
valence mode. 

Sio=collision transition parameter for the transition 
from the first excited state to the ground state of the 
deformation mode. 

S2i=collision transition parameter for the transition 
from the second excited state to the first excited state of 
the deformation mode. 

N=total number of molecules per unit volume. 

No, Ni, N2 are number of molecules per unit volume in 
the ground, first excited, and second excited states, 
respectively, in one 5-mode. 

€, and €2 are the energy per molecule associated with 
the first and the energy per molecule associated with the 
second excited state of the 6-mode. 

a@=numerical factor (approximately 2 to take into 
account the degeneracy of the deformation mode) discussed 
later. 
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w= 27 times the acoustic frequency. 

wm = Value of w at maximum absorption. 

j=(—1)!. 

Equation (4) does not contain the classical 
contributions of heat conduction and viscosity. 
These have a negligible influence on (5) and are 
introduced into (6) through (7). 

The complex nature of C is the mathematical 
formulation of its dependence on frequency and 
mean lifetimes with the introduction of a phase 
lag behind the temperature changes. This makes 
V” in (4) complex, indicating absorption. 

In (8) C, includes the contribution of the 
rotational degrees of freedom because the temper- 
ature dependence of absorption, together with 
the magnitude of the absorption peak definitely 
indicates that the rotational states are not 
involved and that they have a very short mean 
lifetime so as essentially to maintain energy 
equilibrium with the external degrees of freedom. 
The second term on the right is the contribution 
of the symmetrical valence mode of vibrational 
(hereafter the v mode) and the last is the contri- 
bution of the perpendicular or deformation mode 
of vibration (hereafter 5-mode). Reference to 
Fig. 7 will show that the first excited state of the 
v mode and the first three excited states of the 
5-mode contribute appreciable amounts to the 
molar heat capacity. The simplest method of 
treating a mode in which higher states than the 
first excited state are of importance is to treat the 
mode as two-state obtaining a contribution to C 
of C:S/(S+jw/p) and then to increase C; to 
include in it the C’s of the higher states. This 
procedure is not deemed accurate enough for the 
6-mode which contributes the major portion of 
the absorption. Accordingly the 6-mode is con- 
sidered as three-state leading to the last term of 
(8). a multiplies the whole term by 2 to take into 
account the degeneracy of this mode and also 
includes a factor of 1.0135 to approximate the 
contribution of the third excited state. 

In the last term of (8) the possibility of 
transitions directly from the second excited state 
to the ground state has been ignored principally 
because one probably cannot discern experi- 
mentally the exact mechanism by which the 
second excited state receives its excitation and 
the 1=2 transition seems most likely. There are 
three collision transition parameters to be de- 
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termined experimentally. Since Sio plays a major 
role in locating the absorption peak it is not 
difficult to obtain its value with considerable 
accuracy. The other parameters S2; and S, must 
be of the same order of magnitude in order to 
afford sufficient stacking of the various contri- 
butions to C to account for the high absorption 
peak and the large velocity change. They may, 
however, exhibit a somewhat different depend- 
ence on h, the water vapor concentration. 

When the parameters are assigned the following 
values, 


Sie= Sq, /2=S,= 1.5X108+2.1 X10", 


the theoretical curves for velocity and absorption 
(at 284 and 615.5 kc/sec.) become those of Figs. 3 
and 6. This selection is made to afford a fair 
over-all fit with the velocity data at 615.5 kc. 
insofar as the shape of the curve is concerned. 
The other curves then appear to fit as well, or 
better. These simple relations between the 
parameters are chosen deliberately with no 
attempt to produce the observed minor effects 
which are consequently entirely absent. yu, is 
given twice its value in (7) as explained later. 
The data of Figs. 3, 4 and 7, seem to indicate 
that the minor effects are caused by the v mode. 
One obtains some indication of an absorption 
shelf and a minor velocity dip in the theoretical 
calculations by making S,=1.2108+5.0 X10") 
as suggested by a comparison of the slopes and 
intercepts of Fig. 4 and value of Sio previously 
assigned. In the plotted theoretical curve, how- 
ever, no minor effects are discernible, because 
they are too much spread out. It will be observed 
in Fig. 3 that the absorption peak is more spread 
out when it occurs at h=0.68 percent than when 
it occurs at h=0.26 percent. Any peak above 1 
percent would be very much more spread out 
according to the theory. An objection to this 
alternative choice of S, is that it decreases the 
height of the theoretical absorption curve at the 
major peak where it is already a bit too low. 
There is some indication that the form of the 
last term of (8) may give rise to ‘‘minor”’ effects 
with some choices of Se, for instance with an S21 
which changes its ratio to Sip as h changes. 
Indeed we have found combinations of Sj) and 
Se; which appear to give minor effects in about 
the right positions, but the checks afforded have 
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not been conclusive. It should be remarked that 
we have considered and have had to reject 
several other mechanisms which might con- 
ceivably offer an explanation of these minor 
effects, for example, variation of classical ab- 
sorption with the effective value of C, and 
dependence of S, on h’. 

In Fig. 6, the wave-length absorption constant 
u is plotted as a function of log f for fixed values 
of h, the H,O concentration, of T, the tempera- 
ture, and of the total pressure (one atmos.). 
The dotted curve peaking at 59 kc/sec. is the 
theoretical curve for dry CO2 at 28°C computed 
from the approximate formula: 


27w RCS 
.——— +He 
p Co(R+ Co) S?+ Ca (R+ Ca) (w?/p*) 





It includes both y;, the intramolecular absorp- 
tion, and y., the external absorption, the latter 
including the yu, of (7) caused by viscosity and 
heat conduction. Up to nearly 100 kc/sec. pu, is 
negligibly small compared to yu;. The yu; vs. log f 
curve for dry CO: is a symmetrical bell-shaped 
curve which at half-maximum has a width 
equivalent to about 3.7 octaves (A log = 1.12). For 
higher / values this u; curve is merely shifted to 
the right an amount that makes its peak fre- 
quency agree with the proper value of A» in 
Fig. 4. 

If the stacking of the major and minor yu-peaks 
changes with increasing h, as suggested by Fig. 4, 
the resultant maxima should fall on the line 
marked “theoretical max. yu,” in Fig. 6. We find 
that the observed maxima fall on the line marked 
“observed max. y;.’’ The Au between these lines 
is considered as the external absorption », and 
when plotted against f appears to be a linear 
function of the frequency as in (7) but of about 
twice the value predicted by this equation. This 
is not unexpected. Herzfeld'® discusses other 
contributions to yw, and a discrepancy between pu, 
and yu, has been noted by several observers. 


CORRELATION WITH OTHER INVESTIGATIONS 


The frequency f, for maximum absorption in 
“dry” CO2 has been explicitly or implicitly 
reported by various investigators all the way 


°K. F. Herzfeld, Ann. d. Physik 23, 465 (1935). 
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from 54 to 220 kc/sec.* The work reported in this 
article shows that this wide range may be due to 
fm's extreme sensitivity to water vapor. A minute 
trace (less than 1.5 mm) of this impurity would 
shift fm from 54 to 220 kc/sec. 

Pielemeier' reported the discovery of the 
marked effect of water vapor on the absorption of 
supersonic waves in CO, in 1928. In 1932 an 
increase in velocity at 300 kc/sec. was observed 
by him when freshly dried CO. was mixed with 
that which had stood for a while. Rogers'® 
investigated the effect of humidity on absorption 
in different concentrations of COe in air at a 
frequency of 416 kc/sec. It seems probable now 
that the peak he found corresporids to the minor 
peak in Fig. 3. (Also see point R, Fig. 4.) Rogers’ 
hygrometer was later found to read too low and 
his K values should be multiplied by log, 10. 
These corrections place point R approximately as 
shown and give the expected values of m and yu 
for the minor peak. Kneser’s!’ early work on 
velocity and Pielemeier’s‘ early work on velocity 
and absorption in COs: indicate that nearly 1.5 
mm of water vapor were present (fm = 220 kc/sec.). 
Grossmann’s'’® work on absorption seems to 
indicate that h was nearer zero but that it did not 
have the same value for the several measurements 
which he made. (See points G, Fig. 6.) His value 
(0.27) for um at 100 kc/sec. is in good agreement 
with the writers’. His u value for 63.6 kc/sec. and 
possibly that for 177.8 kc/sec. appear to be 
measured at h =0.003. (See Fig. 5.) 

For a total pressure of 745 mm, fn=67 kc/sec. 
as derived from Wallmann’s!® velocity values at 
600 mm, indicating that the vapor content was 
nearly zero. This f,, value is in good agreement 
with that obtained from the velocity measure- 
ments of Railston and Richardson.” According to 
a statement by the latter that they obtained 
maximum dispersion at u/p=100 we have 
fw=n=74.5 kc/sec. at 745 mm and fn=71.8 
kc/sec. Their curve for 42.3 kc/sec. gives 
fm=68 kc/sec. Wallmann states, in effect, that 
Sm=67 kc/sec. for the symmetrical valence vi- 

* Some recent work in the laboratory of Dr. Knudsen 
indicates that this peak may come as low as 30 kc/sec. 

16H. H. Rogers, Phys. Rev. 45, 208 (1934). 

17H, O. Kneser, Ann. d. Physik 11, 777 (1931). 

18 E. Grossmann, Ann, d. Physik 13, 681 (1932). 

19yv, M-H. Wallmann, Ann. d. Physik 21, 671 (1934). 


20 W. Railston and E. G. Richardson, Proc. Phys. Soc. 
47, 533 (1935). 





bration. This is in agreement with our results and 
others that will be mentioned later. (See Fig. 4.) 

The approximate value of f, derived from 
Richards and Reid’s*! measurements is 50 kc/sec. 
and indicates that the CO2 was quite dry. 

The work on absorption in “dry” COs by 
Knudsen and Fricke” yields points (u values) 
which they combine with points obtained by 
Curtis” in order to compare with Kneser’s*‘ bell- 
shaped absorption curve. For dry COs this 
theoretical curve agrees approximately with 
Bourgin’s*® and Saxton’s’ curves. (See Fig. 6.) 
The points obtained by Curtis are somewhat 
scattered. This scattering was probably due in 
part to small variations in H.O content and in 
part to the very short sound path that he used. If 
his points are omitted and the characteristic bell- 
shaped curve of maximum ordinate 0.282 at 69 
kc/sec. is fitted to Knudsen’s and Fricke’s points 
it is found that the curve fits these points very 
well. (See Fig. 5.) However even a maximum of 
0.282 is somewhat in excess of that obtained by 
Saxton’s’ equation for 28°C with all possible 
modes and states of vibration included and 
stacked. Knudsen’s data were obtained at 22 to 
23°C. The two highest points were obtained by 
extrapolating to 100 percent from less than ten 
percent concentration of COz in Oz. Possibly this 
accounts for the seemingly high values of pm. 

Schmidtmiiller’s?® observations stop at 100 
kc/sec. but his y-values fit the appropriate bell- 
shaped curves exceedingly well. We have ex- 
tended these curves through our own observed 
values of wm which are not independent of fre- 
quency because they include the ‘classical’’ 
absorption due to viscosity and heat conduc- 
tion. (See Fig. 6.) In general agreement with 
Schmidtmiiller’s observations on Oz we find the 
“classical” absorption in CO: approximately 
twice its theoretical value. According to Kneser’s*’ 
picture, this would be the start of a characteristic 
bell-shaped curve for classical absorption having 
a very high peak at very high frequency. 


21W. T. Richards and J. A. Reid, J. Chem. Phys. 2, 
193 (1934). 
22,V. O. Knudsen and E. F. Fricke, J. Acous. Soc. Am. 
10, 89 (1938). 
%R. W. Curtis, Phys. Rev. 46, 811 (1934). 
2H. O. Kneser, Ann. d. Physik 21, 682 (1935). 
25D. G. Bourgin, Phys. Rev. 50, 355 (1936). 
26 N. Schmidtmiiller, Akustische Zeits. 3, 8 (1938). 
27H. O. Kneser, Physik. Zeits. 39, 806 (1938). 
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Eucken and Niimann* using a single frequency 
of 203.5 kc/sec. measured the relative absorption 
and the wave velocity at a number of total 
pressure values in dry CQ» and in CO: with a 
concentration of about } percent water vapor. 
This process was repeated at various tempera- 
tures ranging from approximately 20°C to 400°C. 
If the absorption and velocity are plotted as a 
function of f/p or of log f/p an absorption peak 
and the characteristic S curve of dispersion are 
obtained. The value of 8 for. the equivalent 
frequency f,, at one atmosphere may be calcu- 
lated from such curves for dry COs for each 
temperature. In a similar manner 6 may be 
obtained for CO2+0.005 H2O at each tempera- 
ture. Their published 6-values show a continual 
drop with rising temperature for dry CO: but for 
CO2+H,0 there is a small drop to a minimum 
value near 100°C beyond which the §-values 
increase slowly. They failed to find two 6-values 
at each temperature of the CO2.+H.O as we 
would expect. 

A plausible explanation of these results may be 
given on the basis of the theory which we have 
suggested of different mean lifetimes for the 6 
and v modes. In Fig. 4, their method corresponds 
to a vertical trace since an increase in pressure is 
equivalent in its effect to a decrease in frequency. 
In coming down the frequency axis (=0 for dry 
CO) they encounter the two peaks practically 
superimposed on each other. Their data indicate 
that increasing the temperature shifts both curves 
of Fig. 4 upward. 

With CO.+0.005 H.O, their method corre- 
sponds to following a vertical trace in Fig. 4 at 
h=0.5 percent. In this case they should encounter 
two peaks but the minor peak could be easily 
overlooked considering the large steps in pressure 
variation which they took. At low temperature 
the peak corresponding to the upper line would 
predominate, and if this were raised by increasing 
the temperature, the mean lifetime would become 
shorter. Simultaneously, the v mode peak would 
increase in weight and in some temperature range 
the resultant of the two peaks would have its 
center of weight shifted down toward the lower 
curve giving an increase in mean lifetime. We 
should expect the resultant (or apparent) ab- 


28 A. Eucken and E. Niimann, Zeits. f. physik. Chemie 
B36, 163 (1937). 
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sorption peak, found by Eucken and Niimann”™ 
in dry CO: at 20°, to appear near 50 kc/sec. for a 
pressure of one atmosphere (near the common Y 
intercept, Fig. 4). For CO.+0.005 H.O at 20°C 
we should expect their resultant peak conditions 
to be h=0.5 percent, fn=400 kc/sec., p=1 
atmos. The two frequencies calculated from their 
observations are fmn=480 kc/sec. and fm’ =160 
kc/sec. , 

At high temperature f, and f,’ might be 
separated enough to make the two peaks detec- 
table even by Eucken’s method of changing the 
pressure by large steps. This would be in harmony 
with the excellent Figs. 2 and 3 recently published 
by Eucken and Kiichler.2? Their chart for 
CO2+H.0 shows a large uncertainty in Z* for 
the highest temperature. Probably the ap- 
proaching condition for two detectable peaks is 
responsible for the large uncertainty in the 
location of the resultant absorption peak from 
which Z* is computed. Except for this effect we 
would expect their Z* values to decrease again at 
still higher temperatures as they do when He or 
He are used as impurities. The slope of the Z* 
curves is least (most negative) where the slope of 
the resultant f,, curve is greatest. Their diagrams 
of chemical and van der Waals potential valleys 
deserve attention. The same may be said of 
Kneser’s?? diagrams on relaxation times, etc. 
These and a noteworthy paper on COs: by L. 
Kiichler® are too recent to be included in the 
excellent treatment of “Supersonic Phenomena”’ 
by Richards ;*! likewise a paper by Itterbeek and 
Mariens.* 

Probably Eucken and Kiichler’s Z*293/Z*¢73 
ratio for Cle+CO is larger than they expected 
because a diatomic gas would probably not 
exhibit two 8-values for a single concentration of 
the impurity. Only the symmetrical valence 
vibration is possible in the Cle molecule; there- 
fore we would expect a single f, curve for Cle. We 
would expect the slope of this curve to be small 


(similar to our fm’-curve for CO.+H,0 partly 


( - ) Eucken and L. Kiichler, Physik. Zeits. 39, 835 
1938). 
3°. Kiichler, Zeits. f. physik. Chemie B41, 199 (1938). 
31 W. T. Richards, Rev. Mod. Phys. 11, 36 (1939). 
(1938) van Itterbeek and P. Mariens, Physica 5, 153 
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because the probability for the proper endwise 
blow for the v,; vibration is less than the proba- 
bility for the proper sidewise blow to start the 
6-vibration). Then Cl.+CO should have a Z* 
curve of the same general shape as the corre- 
sponding curve for pure Cle which however 
should have larger ordinates. Using the Z values 
published by Eucken and Becker* and by 
Schultze,** we plotted the curves and found them 
to have the shape and relative height that we 
expected. Conversely we might say that the 
absence of kinks in the Z* curve and the value 
3 or 4 for Z*293/Z*673 for Cle+CO suggests that 
our fn’ curve for COz+H:20 involves the valence 
vibration, the only kind possible with Cl, 
molecules. 

Warner’s*® results do not clash with general 
observations on the temperature effect although 
most of his values for velocity and for velocity 
decrements seem too great. This opinion is 
upheld by the recent measurements of Overbeck 
and Wiler.*® 

Jatkar*® states that anomalous velocity results 
are due to experimental methods. If he includes 
dispersion in his statement we must differ with 
him in view of the fact that our individual 
\/2-spaces agree to 0.01 mm and that we have 
duplicated our results many times (even in 
different interferometers). Such regularity as that 
represented in Fig. 4 would be uncanny if 
produced by diffraction effects. In our apparatus 
the walls of the gas chamber are so far from the 
sound beam that wall reflections can be ignored 
for COs. If Jatkar’s** recently published value for 
the velocity in CO, at 49.4 kc/sec. had been 
obtained with thoroughly dry COz we believe 
that the result would have been about 5 m/sec. 
higher. A trace of water vapor evidently shifted 
the maximum absorption region to the next 
frequency that he tried (94 kc/sec.) for which he 
states that the absorption was so great that he 
could not make measurements. 


33 A. Eucken and R. Becker, Zeits. f. physik. Chemie 
27B, 235 (1934). 

# R. Schultze, Ann. d. Physik 34, 41 (1939). 

35 G. W. Warner, J. Acous. Soc. Am. 9, 30 (1937). 

36 C, J. Overbeck and E. Wiler, Paper No. 85, Washing- 
ton Meeting of Am. Phys. Soc., April 27-29, 1939. 

37S. K. K. Jatkar, J. Ind. Inst. Sci. 21A, 455 (1938). 

3S. K. K. Jatkar, J. Ind: Inst. Sci. 22A, 93 (1939). 
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The dissociation method developed previously is modified to cover the condensation phe- 
nomena observed in mobile monolayers. The saturated tension equations are found to depend 
only on the number of bonds with nearest neighbors, and the mean energy per bond per mole- 
cule in the condensed phase. Assuming six bonds with mean energy per bond 3.7 X10- erg per 
molecule, good agreement is obtained with the curves published by Adam and Jessop for the 


fatty acids. 





INTRODUCTION 


HE dissociation treatment of condensing 
systems has given a perfect-gas analog for 
the equation of the saturated vapor pressure 
curves of ordinary vapors,! and has also been 
extended to give a more precise equation which 
takes into account the finite sizes of the clusters.” 
The treatment does not require a detailed 
knowledge of the force-field around molecules, 
and is easily applied to two-dimensional vapors, 
monolayers, formed by large molecules at the 
interface of two fluids.’ 

For molecules as complex as those for which 
this phenomenon has been observed, it would in 
any case be quite impossible to represent the 
molecular potential field by a simple point 
function of the radius. The dissociation clustering 
method is for this reason specially suitable, since 
comparison of its results with experimental data 
gives only mean values for the interaction energy 
between molecules in a cluster. 

The imperfect gas analog will first be de- 
veloped; the resulting equations will then be 
simplified by neglecting the molecular sizes. 
While this neglect at first appears rather serious, 
it is found that the equations so obtained do give 
a fairly accurate representation of observed 
results with reasonable choice of bond number 
and energy. The reliability of such results must, 
however, be confined to temperatures well below 
the critical point. 


1W. Band, ‘Dissociation Treatment of Condensing 
Systems,” J. Chem. Phys. 7, 324-326 (1939). 

2W. Band, ‘Dissociation Treatment of Condensing 
Systems. II,” J. Chem. Phys. 7, 927 (1939). 

3 Adam, Physics and Chemistry of Surfaces (Oxford, 
1938), Chapter IT, § 13. 


THE PARTITION FUNCTIONS 


The partition function for a cluster of s 
molecules each of mass m, free to move only in a 
plane, may be written: 


f(T) =A(1—B,)(2amskT)h~ 
Xexp (—W./kT)-R.(T). (1) 


Here A is the total area available to the film, 
W, is the mean energy per cluster, R,(7) the 
rotational partition function, 8, is the correction 
for cluster size. Assuming the clusters to occupy 
an approximately circular area, the classical form 
of R,(T) will be (27/h)(27C,kT)! where C, is the 
moment of inertia about a central axis normal to 
the plane of A. If each molecule occupies an area 
a, the cluster having a circular area sa, then 
C,=ms*a/2x, and hence 


R(T) =(22s/h)(makT)?. (2) 


To consider W,, picture a cluster as consisting 
of interior molecules and of periphery molecules, 
the interior molecules each having on the average 
g bonds with nearest neighbors. For large clusters 
each periphery molecule will have ($g+1) bonds 
with nearest neighbors. Suppose the potential 
energy of a molecule in such a cluster consists 
only of the interaction bonds with nearest 
neighbors, and the energy of attachment to the 
surface upon which the film is formed. 

Let € represent the mean energy per molecule 
per bond: the total energy per bond being 2e. 
Let x be the mean energy of attachment of a 
molecule with the surface. Let &, be the number 
of periphery molecules in a large cluster of type Ss. 
The total potential energy for the cluster will now 
be: 

W.=sx+(s—G.)get+G.(3g+1e 
=sx+[sg—(3g—1) Je. (3) 
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For very large clusters an approximate value of 
@, can be derived by assuming that the area 
occupied by the periphery molecules is equal to 
the periphery of the cluster times the square root 
of the area per molecule. This gives at once 


@,=2(ms)}, large s. (4) 


For smaller clusters, on the other hand, when, 
for instance, s<g+1, the number of periphery 
molecules has no definite meaning. Each molecule 
will be bound to every other molecule in the 
cluster. The total energy will then be 


W.=sx+s(s—1)e, 1<s<g+1. (5) 


When s=1, for a single unclustered molecule, it 
will be assumed, for simplicity, that 


Wi=x, (6) 


although in fact a single molecule may not be 
lying on the surface in the same way as a 
clustered molecule. There does not appear to be 
any data available on the difference between the 
energy of attachment to the surface of a single 
and a clustered molecule; to include it in the 
theory would merely add an _ indeterminate 
parameter. 

For convenience a smoothed function of s will 
be chosen that fits approximately with both 
forms (3) and (5). This can be done by choosing a 
slightly different value of &, instead of (4), 
namely : 

@,=2(ms)'—-1, (7). 
and using the form (3) throughout the range from 
s=2 and up. 

In this way it follows that, for all values of s, 


W,=sW-—9,, (8) 
where 
W=x-+ge (9) 
and for 
s22, o.=e(g—2)[(xs)!—}3], (10) 
while 


gi= ge. (11) 


Here W is the base of that part of W, which is 
proportional to the cluster size, and ¢, is the part 
that increases less rapidly than s. 

Finally the correction for cluster size may be 
written : 


B.=(1/A)D Nase, (12) 


where NV, is the mean number of clusters of type 
r, and where a,, is the effective interaction area 
between two clusters of types 7 and s. If a is the 
area per molecule in the cluster, assumed inde- 
pendent of cluster size, as before, then: 


a,,=a(r?+s?)?, (13) 
so that (12) may be written: 
B.=(a/A)>,N,(ri+s?)’. (14) 


Using Eqs. (2), (8), (14), the partition func- 
tions (1) are expressible in terms of physical 
quantities. 


SATURATED STATE EQUATIONS 


The equations to be assumed in this section are 
(a) the pressure equation, which in two di- 
mensions becomes the surface tension equation: 


FA=kTY.N./(1—B;): (15) 


and (b), the law of mass action which remains in 
the form: 


N./(N1)*=f.(T)/Lf(T) J. (16) 


Introduce the familiar notation 


ws=N,/N 
A=) Sus 


where JN is the total number of molecules in the 
film. Then making use of the expression for f,(T) 
developed in the last section, the law of mass 
action can be written: 


from wail (17) 


Ms 
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=stelee-snren| 


1 
1—B, 
h3(1—d)e-ou kT (s—1) 
(18) 
4n*ai(mkT)iA (1—8;)/N. 





Writing 


hde-o kT 
a PEPE (19) 
‘ ae 


the discontinuity in u, occurs when 
A(1—6:)/N=p(i—n), (20) 
at which point 
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|s exp (¢.—¢1)kT. = (21) 
1—-rA l1-f; 

















TABLE I. 
ACTUAL TEMPERA-| Equtva- | TEMPERA- 

AcIpD TURE LENT TURE FA/NkT 
Lauric 14.5°C} Myristic| 34.5°C| Above T, 
Tridecylic 14.5 | Myristic| 24.5 0.41 
Myristic 14.5 Myristic} 14.5 0.44 
Pentadecylic 14.5 Mpyristic 4.5 0.75 
Palmitic 12.0 | Myristic} —8.0 0.56 




















Again from (17) applied at the point given by 
(20) it follows that at saturation 


(1—d) =1/(1+0%), (22) 
where 


o* = )).'s* exp (bs— 1) /kT 
*{(1—B.)/(1—Bi)}. (23) 


With (21), (22), and (17) in (15) it easily follows 
that 
FA(1—6:)/NkT=(1+y)/(1+0*), (24) 


where 


iiaias py exp (os— o1)/RT. (25) 


The Eq. (24) gives the relation between the 
film tension F and its area per molecule A/WN at 
the saturation or transition point between the 
expanded and the condensed phases. This result 
is accurate, and methods of approximation can 
be applied similar to those outlined previously.” 
In the present paper only the roughest approxi- 
mation will be used, namely that in which the 6, 
are all neglected. 

In this case Eq. (24) becomes simply 


FA/NkT=(1+y7)/(1+0), (26) 
where 


o=)).'s* exp (¢.— $1) /RT. (27) 


Referring to (10) and (11), it is seen that the two 
sums v and g, are given explicitly by 


v=exp { —(3g—2)e/2kT}>.,’s? 
Xexp {(g—2)(ms)'e/kT} 


o=exp | —(3g—2)¢/2kT}>.,’s* (28) 
Xexp {(g—2)(rs)'e/RT} / 
METHOD OF ANALYsIS 
Write 
B=exp { —(3g—2)e/2kT} (29) 
and 


a= —(g—2)rhe/RT, (30) 


WILLIAM 








BAND 
S,=>.’s? exp—as'}, (31) 
So=>,,’s§ exp—as}. (32) 
Then 
v=BS,, (33) 
o=BS2. (34) 


So long as a is not less than about 5, these series 
both converge fairly rapidly, six or seven terms of 
S; and nine or ten terms of S2 being enough for 
present purposes. If a is less than about 5, 
direct summation becomes tedious and it seems 
better to transform the sums to integrals: 


S, becomes n= s?exp (—as')ds (35) 
and , 


S2 becomes n= { stexp (—as')ds. (36) 


These can be evaluated by elementary methods 


in finite terms: 
I,=2C exp (—a2?) 
Iz=2D exp (—a23)|’ (37) 


where 


C=4X2!/a+20/a?+40 X 23/a8 
+120/a!+120X2!/a°®+120/a®, (38) 

and 

D=8X2!3/a+56/a?+ 168 X 2!/a' 


+840/a!+1680X 2!/a°+5040/a° 
+5040 X23/a7+5040/a%. (39) 


Let 
G=2B exp (—a2?!), (40) 
then 
v=G-C, (41) 
o=G-D. (42) 


From (29) and (30) B can be written as a function 
of a and g: 


B=exp {a(3g—2)/(g—2)2z'}, (43) 








TABLE II. 
ge=22 X10 erg, g=6, aT =1829. 
rc 24.5 14.5 4.5 —8.0 
a 6.145 6.360 6.589 6.900 
S,-104 10.03 7.172 5.051 3.137 
S2- 104 25.11 17.62 12.21 7.412 
B-10-3 1.026 1.309 1.694 2.404 
1+» 2.028 1.940 1.855 1.765 
1+o 3.576 3.307 3.070 2.782 
ae 0.567 0.587 0. 604 0.631 
1l+o 
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and by (40), G also can be expressed in terms of a 
and g. 

In cases where there is no information available 
concerning either the number of bonds, g, or the 
energy of interaction 2e, it is possible to use the 
above equations to obtain curves of (1+ 7)/(1+¢) 
against a for several possible values of g. Fitting 
these curves to the data of FA/NkT will then 
determine both g and e; g by the slope of the 
curve, and ¢ through the relation between a and 
T from Eq. (30). Whether summation or inte- 
gration methods should be used would have to be 
determined by a preliminary rough check on 
what range of a-values was going to be significant. 

The results derivable from this analysis of the 
saturated state curves are therefore the mean 
number of bonds per clustered molecule, and the 
mean energy of interaction between clustered 
molecules. Since, from (8), (9) and (10), the 
latent heat of formation of the condensed phase 
from the expanded phase, per molecule, is 
asymptotically ge, this physical quantity is also 
derivable from the analysis. 


APPLICATION TO THE Fatty ACIDs 


The only set of data available in sufficient 
details is that on the fatty acids.’ Fortunately the 
latent heat can be estimated from the tension 
changes during condensation. According to 
Adam?’ this is 2210-" erg per molecule in the 
case of myristic acid. Langmuir® has given 
evidence that the number of bonds is six, g=6. 
These values determine the quantity aT in Eq. 
(30), and the significant values of @ are thus 
known in advance, simplifying the preliminary 
analysis. 








TABLE III. . 
5.90 6.00 6.10 6.25 6.50 
0.3702 0.3608 0.3496 0.3360 0.3120 


1.934 1.878 1.823 1.759 1.634 
5.857 5.630 5.422 5.117 4.665 
1+v = 1.716 1.678 1.637 1.589 1.510 
1+o 3.168 3.032 2.895 2.719 2.455 


I+¥ 9.542 0.554 0.565 0.585 0.615 
1+o 


SaQR 











4 Adamand Jessop, Proc. Roy. Soc. A110, 423 (1926), Fig. 1. 
5 Reference 4, p. 431. 
6 Langmuir, J. Chem. Phys. 1, 769 (1933), Fig. 7. 
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Fic. 1. Experimental points, crosses: Curve, theoretical. 


Unfortunately the tension data on different 
acids are available for only one temperature 
each ; they have to be reduced to equivalent data 
on a single substance at different temperatures 
before they can be used. To do this Adam’s 
statement® may be accepted, that the addition of 
one carbon atom to the molecule is equivalent to 
reducing the state of the original molecule by 
about ten degrees C. The Table I is then derived 
for the saturated state of myristic acid films from 
the data of Adam and Jessop.‘ For these tempera- 
tures, with g=6, and with ge=22 X10" erg, the 
significant range of a-values is from 5.0 to 8.0. 
The direct summation method was therefore 
employed. The results are summarized in Table II. 
These results are shown in Fig. 1, for comparison 
with the values of FA/NkT in Table I. The 
agreement is about as good as the precision of the 
data. The experimental curves of F against A 
are so flat that the exact point where conden- 
sation begins cannot be determined with any 
high degree of precision. 

The integration method was also carried out, 
with results summarized in Table III; they agree 
finally with the summation results to within a 
few percent. This method would thus be suffi- 
ciently reliable in cases where direct summation 
was too tedious. 

Rough calculations have been made for g=3 
and g=4; the results set the curve considerably 
higher than that for g=6, and give it a much 
steeper gradient. Thus g=6 gives definitely 
better agreement with the data. The curve could 
be brought lower if desired, by choosing a slightly 
smaller value for ge than that given by the 
latent heat data. 
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Statistical Fluctuations in Autocatalytic Reactions 


Max DE csrick! 
William G. Kerckhoff Laboratories of the Biological Sciences, California Institute of Technology, Pasadena, California 


(Received August 29, 1939) 


The differential equations describing the statistical fluctuations of a simple autocatalytic 
reaction mechanism are set up and solved completely. The fluctuations are found to approach 
a constant limiting value when the amount of reaction product is large compared to the amount 
which initiates the reaction. The relative fluctuations which arise from the reaction mechanism 
are then equal to the reciprocal of the square root of the initial number of particles. Conversely 
the fluctuation in the time required to attain a threshold amount of reaction product also 
approaches a limiting value for high thresholds. This limiting value is greater than one time 
unit if the reaction is initiated by one particle, and becomes equal to one divided by the square 
root of the number of initiating particles if this number is large. 





ECENT work by Kunitz and Northrop, and 

by Herriott? on the proteolytic enzymes, 
trypsin and pepsin, has shown that these sub- 
stances can be produced from precursors by an 
autocatalytic process, the rate of production of 
the enzyme being proportional both to the con- 
centration of precursor and to the concentration 
of the enzyme itself. Such a type of reaction can 
function like an amplifier, inasmuch as a very 
small amount of enzyme is sufficient to initiate 
the reaction and to let the amount of enzyme 
grow exponentially to macroscopic size. In fact 
one molecule of pepsin should be sufficient under 
favorable conditions to convert in a few hours 
any weighable amount of pepsin-precursor. In 
experiments designed to test this one must be 
prepared to encounter very large statistical 
fluctuations in the amount of reaction taking 
place in a given time, or vice versa in the time 
required to effect a given amount of reaction. 
Since in all other cases of chemical kinetics the 
statistical fluctuations are negligibly small, these 
reactions offer a unique opportunity for the 
study of such fluctuations.* A closer theoretical 


1 International Fellow of the Rockefeller Foundation. 

2For a summary see J. H. Northrop, Crystalline 
Enzymes, The Chemistry of Pepsin, Trypsin and Bacterio- 
phage (Columbia University Press, New York, 1939). 

3 While we do not feel qualified to review adequately 
the chemical literature on autocatalysis it should be 
pointed out that none of the well-known autocatalytic 
reactions lend themselves to a study of these fluctuations. 
Those reactions where the catalyst is the H* ion are 
unsuitable, because the H* ion concentration cannot be 
made small enough. The photochemical decomposition of 
N20; into NO2 and Oz is autocatalyzed by the light- 
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study of their finer details seems therefore de- 
sirable as an aid for the design of experiments 
and to prepare the way for a discussion of the 
possible importance of such fluctuations for cell 
physiology. From such an aim we are however 
still far removed, because for none of the bio- 
logical S curves, in which enthusiastic biological 
speculators have seen the manifestation of auto- 
catalytic reactions has such a mechanism ever 
been established. 

For the sake of simplicity of calculation it will 
be assumed that the amount of precursor 
throughout the course of the reaction is large 
compared to the amount of enzyme and that 
the change in concentration of precursor is 
negligible, i.e., we will only consider the initial 
stages. of the reaction. 

We further assume that the rate of the reaction 
is always strictly proportional to the concentra- 
tion of enzyme. Since we want to consider the 
case of few molecules we have to explain a little 
further what we mean by “rate.” Let us consider 
an experiment where we set up at time zero a 
very large number of samples containing each 
one molecule of enzyme and a large amount of 
precursor. We want to assume then that the 
fraction of samples which form their second 


absorbing NO, 
NO.+hv-NO+ 3402 
NO+N,;0;—~3NO, 
NO,.+hv+N20;~3NO24+ 30>. 


But here the spontaneous thermal decomposition of N20; 
is too fast even at 0°, so that this reaction initially will 
furnish more NO, than the autocatalytic reaction. 
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enzyme-molecule in a given time-element is 
always proportional to the fraction of samples 
which have not yet done this at the beginning 
of the time-element, and independent of the 
time which has elapsed since the samples were 
set up. This means that we rule out a reaction 
mechanism in which the reaction consists of 
separable steps each requiring the completion 
of its forerunner before it can occur, and each 
requiring a finite average time for its completion. 
In actual fact it is quite probable that most 
autocatalytic reactions will be separable into 
such steps, but our simplified model will still 
apply to such cases if one step of the reaction is 
much slower than all the others, for instance if 
the average time between collisions of an 
enzyme-molecule with any precursor-molecule is 
sufficiently long, and this can always be secured 
by working at low concentrations. © 


1. THE FUNDAMENTAL EQUATION 


In ordinary reaction-kinetics we are only con- 
cerned with the average number of molecules 
of each reactant as function of time, since the 
deviations from these average values in indi- 
vidual cases are negligibly small. For our model 
we would then have 


dn/dt=kn, n=mnge*t, (1) 


where m is the number of enzyme-molecules 
present at time ¢, and mp is the number of enzyme 
molecules present at time zero. k is the reaction 
rate constant, which will depend on the concen- 
tration of precursor, but will be constant during 
the course of the reaction according to our 
assumption. This equation will hold also for our 
case if we substitute for 7 the average number of 
molecules 7, averaged over a very large number 
of samples starting from the same initial con- 
ditions. We must therefore write 


di/dt=kni, nr=Noe**. (2) 


However we want to inquire beyond this infor- 
mation about the average number 7, into the 
statistical fluctuations of m as function of time 
and of mp. We therefore do not deal with m as 
function of time but with the probability of 
having particles at time ¢. This probability, 
i.e., the fraction of a very large number of 
similar samples, which contains n particles, we 


will call »,(¢). Instead of the one function 7’(t) we 
therefore will have to handle the infinite series 
of functions p,(t). 

Let us find the differential equation deter- 
mining ~, as function of time. The probability 
that of particles any one will double in the 
small interval dt is equal to nkdt. The samples in 
which this happens will leave the class p, and 
enter the class p,4:. The probability that more 
than one particle will double in this interval is 
small of a higher order in dt and can therefore 
be neglected. The quantity », will change in 
the time interval dt for two reasons. Firstly it 
will increase by (n—1)kpn»_:dt because so many 
of the samples containing »—1 particles will 
produce one additional particle and will thereby 
be promoted to the class p,. Secondly it will 
decrease by nkp,dt because so many of the 
samples containing m particles will advance to 
the class pny. 

We therefore have as our differential equation 


dp,/dt=(n—1)kpn-1—nkpn. (3) 


These equations, together with the initial con- 
ditions »,(0) will determine all the functions p, 
for all times. 


2. THE STANDARD DEVIATIONS 


Before we go on to establish and to discuss the 
general solutions of these equations we will 
consider what we can derive about the fluctua- 
tions without explicit knowledge of the py. 
It will be found that we can follow the change in 
the mean square deviation of the number of 
particles from their mean value without knowing 
the actual distribution of the samples over the 
classes p, at any time. 

The standard or root mean square deviation s 
is defined by 


= ((n—2)*)u = (0?) — 7. 


Let us consider the change in time of the mean 
square (n*),y. 
We have, by definition, 


d d n=x 
—(n?) 4, =— > npn. 
dt dt n=0 


The right-hand side we are now going to differ- 
entiate term by term and to substitute for the 
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derivative of p, its value from the fundamental 
Eq. (3) 


=>on*(n—1)kpn1—nkprn |. 


Now, since we have to sum over all values of 1, 
we can always combine the (n+1) term of the 
first member with the m term of the second 
member, and obtain in this way 


VL(n+1)*n—n* lkpn 
> (2n?+n)kpn 
= 2k(n*) +k. 


Now we know already % as a function of time, 
Eq. (2); therefore this is a differential-equation 
for (n)y alone. Its solution is 


(n*) 5 = Ae?*! — fige** =A (n/tio)? —n. (4) 
The mean square deviation is obtained from 
this by simply subtracting 7?. The constant A 
will be determined by the standard deviation at 
time zero, which we will call so?. Thus we obtain 
for the relative standard deviation at an arbi- 
trary time 


2/R=se2/Re+1/hio—1/N. (5) 


Here the last term is negligible compared to 
1/no at any late time when 7> 7p. The relative 
standard deviation is then the sum of its initial 
value and the constant 1/m. If the initiating 
amount is obtained by sampling from a large 
reservoir, the first term will also be 1/7») and the 
total relative standard deviation will be twice 
this value. 


3. A COMPLETE SOLUTION OF THE FUNDAMENTAL 
EQUATIONS FOR THE CASE, IN WHICH 
THE INITIAL NUMBER OF Par- 

TICLES Is KNOWN 


So far we have derived information about the 
average number of particles and about the 
standard deviation from this average as functions 
of time. This would be sufficient for all practical 
purposes if we could be assured that the proba- 
bility distribution was always normal. However, 
since we have already seen that in cases where 
the initial number of particles is very small the 
standard deviation is of the same order of 
magnitude as the mean, the distribution is not 
likely to be normal and we must try to obtain 
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the complete distribution. This is fortunately 
possible. 

The Eqs. (3) are linear. The general solution 
consists therefore of the linear combinations of 
any linearly independent complete set of solu- 
tions. As such we can choose those for which we 
have at time zero a definite number, say mp, 
particles, i.e., 


(6) 


and p,=0 for all values of s unequal to mp. 
This particular set of solutions, which conforms 
to the initial conditions just mentioned we will 
designate by p,‘™. We find 


pin (n—1)! “(1 “\ (7) 
"— (np—1)(n—1)! 1" fi 


These are functions of the initial number of 
particles, 2, of the time (through 7, which is a 
function of mo and of the time, see Eq. (2)), and 
of n, the index number of the function, desig- 
nating the class of samples the frequency of 
which is given by the formula. It is easily verified 
that these functions satisfy both the initial 
conditions and the differential-equations. To 
prove that the initial conditions are satisfied, 
one simply has to put i=». To prove, that the 
differential equations are satisfied one has to 
substitute our solution in both sides of these 
equations. It is then found that both sides 
are equal to 


kno: pn” -(n—n)/(vi—MN9). 


pro= 1 





(8) 


4. REACTIONS INITIATED BY ONE PARTICLE 


We will use the solution (7) first to consider 
the case where we start with one particle at time 
zero, N97 =1. We then have 


1 1\""1 
pat=-(1-~) ni 
n nN 


We are mainly interested in the probability dis- 
tribution at a late time, when 7 represents a 
chemically or enzymatically measurable amount, 
i.e., when 7% is large compared to one. We can 
then replace the second factor by an exponential 
function and obtain a very simple expression for 


our distribution, v7z. 


(9) 


1 
pai? =e", (10) 


n 
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We see then that the distribution is by no 
means normal. At all times the probability of 
finding one particle is greater than the proba- 
bility of finding any other specified number of 
particles. In particular, the probability of finding 
the average number of particles is 1/e times the 
probability of finding one particle. As function 
of m the probability falls off with a ‘“‘decay- 
constant’”’ 1/f. It is easily verified, that the 
standard deviation is in this case equal to the 
mean in agreement with the general formula (5).* 


5. REACTIONS INITIATED BY %) PARTICLES 


Returning to the general solution (7) we will 
also here restrict our discussion to a phase of 
the reaction when the number of particles is 
already large compared to the initial number mo. 

We will first find out for which value of the 
distribution has its maximum. To do this we 
observe that p,:: and p, stand in the simple 
relation 


n 


Pn4i=—————(1—10/n) - pn. (11) 
n+1 —N»o 


Pn+i arises from p, by multiplication with a 
factor which is at first greater than one and con- 
tinuously decreases. p, will have its maximum 
where this factor is equal to one. This occurs for 


n=n(1—1/np). (12) 


At this point the distribution has therefore its 
maximum. It is interesting to note that the 
maximum does not occur at the average value fi, 
but a definite distance towards smaller values of 
n away from it. 

We now want to know what the distribution 
looks like in the neighborhood of this maximum. 
We introduce a new variable f to replace n. 
f shall measure the distance from the maximum 


*In general experimental conditions will be such that 
also initially we will have a statistical distribution rather 
than having precisely one particle in each sample. We 
can however approximate the above condition by making 
the average initial number of particles, #7, small compared 
to unity. Then e~* samples will have no particles, #e~* will 
have one particle and a much smaller fraction (#/2)e~* 
will have two particles. These will cause an alteration in 
the final distribution, which works out to be 


f(n)= Cul +5- “|. (10’) 


The change becomes large for n/n >1/7. 
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on the m axis and its unit shall be this mmax. 
We define f by the equation 


N=Nmax(1+f) 


(13) 
=n(1—1/m)(1+f). 


Substituting this value for m into our solution (7) 
we obtain (for m large compared to mo) 


pr=CL(it+f)(1—no ji) fmino|no-1 (14) 
where C is independent on f. Here we can replace 
(1 — Ng ‘jini no by en. 


If log p, is then developed into a power series of f 
it is found that the first-order term vanishes, the 
second-order term has the coefficient —3(m)—1) 
and the terms of higher order in ¢ are small in the 
region where p, is appreciable. We obtain there- 
fore 


Pn=C-emro-1)#?, (16) 


This is indeed a normal distribution with a 
relative standard deviation equal to one divided 
by the square root of the initial number of 
particles, as given in (5). Under ordinary experi- 
mental conditions already the initiating sample 
no would exhibit a standard deviation from mp» by 
this amount. The square of the total final relative 
standard deviation of » would then be the sum 
of these two (5), i.e. it would be 2/ip. 


6. THE DISTRIBUTION OF THE TIME AT WHICH A 
GIVEN NUMBER OF PARTICLES IS ATTAINED 


Up till now we have been concerned with the 
probability distribution of the number of par- 
ticles at a given time. This corresponds to a 
type of experiment, where we set up at time zero 
a large number of samples with each containing 
the same number of initiating particles, and 
where we test at a certain later time the number 
of particles produced in the interval in each 
sample. We can, however, look at the problem 
of the fluctuations from a different standpoint. 
Suppose that a certain threshold-value n is 
required to produce a given effect. We must 
then expect great fluctuations in the time re- 
quired by different samples starting with the 
same number of particles to attain this threshold- 
value. Let us call the fraction of samples which 








W(T) 











=2 a] ° i 2 3 47 5 


Fic. 1. The distribution in time of the arrival at a high 
threshold value of samples, starting from one or five 
particles. 


attain this threshold-value in the time interval 
between ¢ and t+dt w,(t)dt. This fraction is 
given by 


Wn(t)dt=(n—1)kpn_idt, (17) 


because this is the rate at which the class n—1 
goes over into the class u, multiplied by the 
abundance of the class n—1. By virtue of Eq. (3) 
it follows from this that , 


d 
Tw =T bites: + Pn—1). (18) 


That means that the flux into the class m is 
equal to the net loss of all the lower classes. 

Substituting our general solution (7) into (17) 
we obtain 


1 No n—1—no 
w,(t)=C—(1-—) . (19) 
n 


nne 


For late times, when 7 is large compared to mp, 
this can again be approximated by 


1 


W(t) = C—-e-“/n0,  R=MN9-e*', 
nn 


(20) 


Here C stands for all the factors which are not 
dependent on the time, and 7 is given by (2) asa 
function of ¢ and of 1». 
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Let us now take a closer look at these functions 
w,(t), which give the rate at which samples 
starting with an equal number of particles reach 
their threshold-value of particles. For n greater 
than mo+1 they all start with zero at time zero 
(when =n»), then rise to a maximum and fall 
again to zero for large times. The maximum is 
easily found to occur at 

1 n—1 


fuan => log when n=n-—1. (21) 





No 


We will introduce a new time-variable T, taking 
tmax as the origin and 1/k as the time unit. This 
time unit is the span in which the average 
number of particles increases by a factor e, 


ni=(n—1)e". (22) 
Substituting this in (20) we obtain 
wr»(T)=C exp [—mo(T+e-7) ]. (23) 


This function we have plotted for m)=1 and for 
ny=5 in Fig. 1. It will be seen that the curve for 
my=1 is rather asymmetrical, it rises in two 
time units from 0.005 to its maximum and takes 
five time units to fall back to the same value. 
The spread in time naturally is smaller when we 
start with more than one particle. For large 
values of m) we obtain a very sharp maximum, 
we can then expand the second term in the 
exponent on the right-hand side of (23) and 
obtain a simple normal distribution curve 


n 
w,(T)=Cexp (—“r*). (24) 
The standard deviation of this distribution is 
again equal to one divided by the square root 
of the initial number of particles: 


(AT?) = 1/no. (24a) 
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This section will accept reports of new work, provided these 
are terse and contain few figures, and especially few halftone 
cuts. The Editorial Board will not hold itself responsible for 
opinions expressed by the correspondents. Contributions to 
this section should not exceed 600 words in length and must 


Raman Effect of Fluorochlorobromomethane 


We have observed eleven Raman lines for fluorochloro- 
bromomethane, using our usual equipment.! The compound 
was cooled during exposures by means of a stream of air 
at room temperature. Illumination was by means of eight 
concentric neon-mercury lamps. No filters were used, but 
there was no evidence of photochemical decomposition 
during the exposures. The Steinheil 3-prism type GH 
spectrograph employed was thermostatted at 35+0.1 
degrees. Eastman Spectroscopic plates type 1-J were used. 
Results obtained are shown in Table I. 


TABLE I. Raman lines of fluorochlorobromomethane. 











Ay % MEAN EXCITING No. oF RELATIVE 
cm"! DEVIATION LINES* READINGS INTENSITIES 
225.0 0.36 abed 10 10 

313.0 35 abed 13 9 

425.0 31 abe 10 9 

648.9 19 a c 6 6 

658.7 18 ebte<ed 10 10 

735.1 10 c 2 2 

773.4 .23 a c 3 5 (broad) 
1062.6 .24 a c 3 3 (diffuse) 
1204.6 17 a c 4 4 
1301.7 11 a c 4 5 
3017.8 05 ses 10 7 (broad) 




















* a =4046, b =4077, c =4358, d =4347. 

About 6 cc of fluorochlorobromomethane was used for 
this study. It was prepared according to the procedure of 
Swarts from dibromochloromethane.? The latter substance 
was made from chloroacetal and contained bromoform as 
an impurity. Dibromofluoromethane was expected to be 
present in small amounts in the fluorochlorobromomethane, 
and actually 3 faint lines were observed in the Raman 
spectrum of the latter substance which can be attributed 
to this impurity. (AY =169.7, 359.6, 622.2 as Stokes lines 
from 4358.) Two additional faint lines were observed at 
AY =278.7 and 458.2 as Stokes lines from 4358 which are 
probably due to some other impurity. The density at 16°C 
of the fluorochlorobromomethane was 1.994. Its boiling 
point was 38-39° at 734 mm. Further consideration of these 
results will appear in a later publication. 

GEO. GLOCKLER 
G. R. LEADER 


University of Minnesota, 
Minneapolis, Minnesota, 
December 5, 1939. 


! Glockler and Bachmann, Phys. Rev. 54, 970 (1938). 
? Swarts, Bull. Acad. Royale de Belgique [3] 26, 102-106 (1893) . 
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reach the office of the Managing Editor not later than the 15th 
of the month preceding that of the issue in which the letter 
is to appear. No proof will be sent to the authors. The usual 
publication charge ($3.00 per page) will not be made and no 
reprints will be furnished free. 


On the Induction Period in Thermal Explosions 


In connection with a recent paper by Rice and Campbell! 
it may be noted that the calculation of the induction period 
cannot be regarded as an appropriate method for compar- 
ing the theory of thermal explosions with experiment and, 
in particular, for computing the thermal effect of explosive 
reactions, and this for the following reasons. 

(1) In close vicinity to the explosion limit such calcula- 
tions inevitably become very inexact because of the marked 
dependence of the induction period on the distance of the 
experimental point from the explosion limit, which distance 
cannot be exactly determined, and also because of the 
mathematical difficulties involved. 

(2) The length of the induction period is usually of the 
same order of magnitude as the time required for the ad- 
mission of the reacting mixture into the explosion vessel 
and for its attaining the temperature of the latter. 

(3) It is difficult to determine accurately the time re- 
quired for this heating; indeed, if, as it is the common 
practice, the reacting mixture is admitted into the explosion 
vessel through a narrow tubing placed partly inside the 
furnace, the mixture becomes heated in passing this tubing 
where the heat transfer is very intense owing to forced 
convection. 

(4) The heating of the first portion of the gaseous mix- 


_ ture entering the reaction vessel may be due to hydraulic 


impact and to adiabatic compression, and this may shorten 
the induction period below the theoretical value. The above 
phenomena are not easily accounted for. 

(5) In the case of an autocatalytic reaction, or if the 
evolution of heat is mainly connected, not with the 
primary step, but with secondary reactions, the induction 
period may, on the contrary, prove longer than that 
calculated by the simple theory. 

The method of calculation adopted by Todes? avoids 
successfully the difficulties stated in (1) and (3), since he 
calculates the adiabatic induction period comparing it 
with the limiting value which the induction period attains 
with the increase of pressure at constant temperature, and 
also since he neglects entirely the time required for the 
heating of the mixture, and this, under the usual experi- 
mental conditions, seems quite justifiable. In the case of 
methyl nitrate such calculations are in fairly good agree- 
ment with experiment. 

An examination of the calculations of Rice and Camp- 
bell? shows that, sufficiently far from the explosion limit, 
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the calculated heating time is three times greater than the 
calculated induction period. These calculations are based 
on the assumption that the gas enters the vessel when cold, 
heating up in the vessel itself. As shown by the calculation 
of Todes, it would be far more reasonable to assume that 
the gas enters the vessel already at furnace temperature. 
For this reason alone the heat of reaction calculated by 
Rice and Campbell must work out four times greater than 
the actual value. Calculations based on the values of the 
induction period near the explosion limit are, as already 
mentioned, rather inaccurate. 

In a previous paper*® I expressed the opinion that the 
value of the heat of reaction given by Allen, Campbell 
and Rice‘ for ethyl azide is probably too high. This sup- 
position is strongly supported by the results obtained by 
Campbell and Rice for methyl nitrate. 

It seems probable that the heat of reaction calculated 
by Rice and his collaborators for ethyl azide is not less 
erroneous than their value for methyl nitrate. This would 
explain quite satisfactorily the discrepancy obtained by the 
present author? in calculating the thermal explosion limit 
for ethyl azide. The true heat of reaction should not be 
higher than 10 kcal. I leave open the question whether this 
value can be brought into agreement with the possible 
energy content of ethyl azide and with the mechanism 
suggested by Leermakers for its decomposition. 

The only accurate method for comparing the theory of 
thermal explosions with the experimental data available 
is the calculation of the thermal explosion limit using the 
well-known laws of thermal transfer. This method shows 
quite definitely that the explosion of methyl nitrate is 
truly a thermal explosion. 

D. A, FRANK-KAMENETZKY 

Institute of Chemical Physics, 


Leningrad, U.S. 5S. R., 
November 12, 1939. 


1 Rice and Campbell, J. Chem. Phys. 7, 700 (1939). 

2 Appin, Todes and Chariton, Acta physicochim. URSS 5, 655 (1936). 
3 Frank-Kamenetzky, Acta physicochim. URSS 10, 366 (1939). 

4 Rice, Allen and Campbell, J. Am. Chem. Soc. 57, 2212 (1935). 











THE EDITOR 


Interpretation of the Raman Spectra and Infra-Red 
Spectra of the Halogen Derivatives of Methane 


In a previous article! we determined the diffusion and 
absorption spectra of the chlorobromo derivatives of 
methane, and we indicated the correspondence between 
the modes of vibration of these molecules and the frequen- 
cies observed. In a recent article in this Journal, Glockler 
and Leader? gave the measurements of the Raman spectrum 
of fluorotrichloromethane. We would point out that the 
results obtained by these authors confirm our own inter- 
pretation. Only one line of CF2Cl:—320 cm™ assumed as 
resulting from the triplication of 634; should be attributed 
to the duplication of 512. It will be seen from the results of 
Table I that the frequencies observed by Glockler and 
Leader for CFCl; occur exactly between those of CCl, 
and CF;Cl,. The spectrum of CF2Cl, was determined by 
Bradley.* 

It will be remarked that in assuming for CFCl; the sym- 
metry C3, as we have done for CCIBr; and CCI;Br, there 
must be six distinct fundamental frequencies: three simple 
53, vi, vs, and three double 612, 545, v23. This is entirely in 
accordance with the results of Glockler and Leader. More- 
over, as was to be expected, the line 535.3 cm™ correspond- 
ing to the symmetrical vibration 7; is indeed the strongest 
of the Raman spectrum and the line 1067.2 cm™ attributed 
to the antisymmetrical vibration v4 remains very weak. 

H. VOLKRINGER 
J. LECOMTE 
A. TCHAKIRIAN 








Laboratoire Chemie C a la Sorbonne, 
Laboratoire des Recherches Physiques a la Sorbonne (J. L.), 
Paris, France, 
December 1, 1939. 


1J. of Phys. 9, 105 (1938); Comptes rendus 204, 1927 (1937). 
2G. Glockler and G. R. Leader, J. Chem. Phys. 7, 278 (1939). 
3C. A. Bradley, Phys. Rev. 40, 908 (1932). 











TABLE I. 
612 5345 v1 v234 
CF;Cl, R. 260 320 f 433 455 664 877 919 1082 cm™ 
Le a | a | 
CFC]; R. 243.7 349.5 397.5 535.3 833.2 1067.2 
| i ol | Fl 
CCl R. 217 313 459 791 
LR. inac. — inac. 797 
| fr ef O™ 
CC13Br R. 187 243 289 418 710 765 
I.R. —_ — — — 717 764 
\ | | ‘ | 
CC1,.Bre R. 141 164 230 252 318 370 672 720 759 
LR. -- _- — — — = 680 727 764 
RY 5 | | 5 | 
CCIBrs; R. 139 210 266 326 674 734 
LR. — —- —- ae 667 740 
| ip ad | % 
CBr, . R. 123 183 265 667 
LR. inac — inac. 667 








R=Raman, I.R. =infra-red. The sign, —, indicates that the measurements were not made in the corresponding region. 
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The Lattice of Rubber 


The lattice of rubber has already been the subject of a 
number of investigations.’ All the unit cells suggested in 
these papers give an x-ray density which is far higher than 
the measured one (8-10 percent). Furthermore, in all 
Weissenberg pictures published it is striking that the 
equator reflection A» is much longer than A: and A3. We 
believe therefore that A, is not a single reflection and that 
the angle between A; and A, is not 90° or nearly 90°. While 
we investigated this question experimentally, Morss? pub- 
lished a paper also assuming that Ae is a double reflection 
and making the assumption of double orientation. He 
calculated the unit cell for a number of angles and found 
an agreement with the observations at the angle of 70.5°. 
The cell contains 8 chains. 

By s..~ultaneously stretching and squeezing a piece of 
latex film we got a sample with rather good higher orienta- 
tion. A Weissenberg picture shows the splitting of Az into 
two reflections of equal intensity and shape (see Fig. 1). 





Fic. 1. Weissenberg picture of A>. 


The angle between the two maxima is 39.2°. The splitting 
is shown by all reflections but those of two zones perpen- 
dicular to each other, one of them containing A; and A3. 
Therefore there are two directions perpendicular to each 
other which are crystallographic directions. Because—as 
it is known—the best orientated rubber samples give sharp 
diatrops, there is a third crystallographic direction per- 
pendicular to the two others. For that reason the rubber 
lattice can be described as pseudorhombic. The smallest 
cell consistent with the diffraction data is: a=8.97A, 
b=8.20A and c=25.2A. The same cell described in mono- 
clinic parameters: a=8.97A, b=8.20A, c=26.7A and 
8=70.4° which is about the same cell as given by Morss. 
A smaller monoclinic cell would not be consistent with the 
reflections observed. The cell contains 16 isopren units 
(8 chains). The calculated density is 0.97 in agreement with 
0.965, the highest measured value for stretched rubber. 
The determination of this unit cell is unequivocal but it 
is not completely satisfactory. The cell seems too large and 
the number of missing spectra is about 90 percent; the 
equator alone could be explained by a cell of } of the large 
cell, containing one chain only. But a smaller unit cell can 
only exist if there are several structures present simul- 
taneously (dimorphism). One of the cells has to be mono- 
clinic because of the diatrops, the other one may be tri- 
clinic, because the double orientation would give in any 
case the monoclinic symmetry observed in the Weissenberg 
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patterns of the layer lines. All reflections would be ex- 
plained by two unit cells: M2, monoclinic, a=8.97A, 
b=8.20A, c=6.68A, 8=70.4°, containing 2 chains and 7), 
triclinic, a=6.12A, b=8.20A, c=6.99A, a=73.2°, 8B=64.1°, 
vy =47.3°, containing 1 chain. Whether or not this assump- 
tion is justified has to be determined by further experiments. 

This investigation was carried out in 1938 in Geneva. 
The authors wish to thank K. H. Meyer for his constant 
interest in the progress of this work. The details of the 
investigation will be published elsewhere. 


Lore C. MIiscH 
Eastman Laboratory, 
Massachusetts Institute of Technology, 
Cambridge, Massachusetts, 


¥ A. J. A. VAN DER Wyk 
Ecole de Chimie, 
University of Geneva, 
Geneva, Switzerland, 
December 2, 1939. 
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Comment on Born’s Thermodynamic Theory of Melting! 


Introduction—Born refers to previous theories of the 
melting process and then indicates that such a theory 
should properly concern itself with investigating the sta- 
bility of a lattice under shearing stress. This he proceeds 
to do by means of the methods of classical statistics and 
thermodynamics for a lattice subjected to finite strains. 
Born finds that a regular lattice will become mechanically 
unstable whenever one of the following conditions is 
fulfilled: 


Cu t+2C».=0; Cu—Cw=0; Cu=0. 


If the first condition is satisfied first, as the temperature 
is raised sublimation will occur. If the second occurs first, 
transition to a “gel” state ensues, and the last condition 
is the condition for melting. 

Experimental evidence.—First of all I wish to call atten- 
tion to the work of Durand,? who has measured the elastic 
moduli of NaCl, KCl and MgO over a fairly wide range of 
temperature with very good precision. Among other things 
he finds that the isothermal modulus C2 is independent of 
temperature to within the precision of his measurements 
and furthermore he finds that extrapolation of his values 
of Ci, to the temperature at which C):=Ci2 yields the 
melting points of the three substances mentioned above 
rather well. However, at this temperature his extrapolated 
values of C4, are still far from being zero. 

In the second place Born refers to Brillouin*® as the only 
author he knows who has applied the above-mentioned 
natural condition for melting. Brillouin reproduces Suther- 
land’s curve as support for his point of view. Sutherland’s 
curve exhibits the variation of the isothermal rigidity 
modulus of a number of polycrystalline metals with tem- 
perature. The form of the curve requires that the rigidity 
modulus vanish at the melting temperature. Now Quimby 
and Siegel* have measured the temperature variation of the 
elastic moduli of single crystal sodium from 90°K to 210°K, 
and a simple calculation reveals that their values of the 
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rigidity modulus are in definite disagreement with Suther- 
land’s curve. 

Therefore, the most accurate data yet obtained for the 
thermal variation of the elastic moduli of single crystals 
does not appear to bear out the contentions of either 
Brillouin or Born. However, Brillouin points out that the 
methods for measuring elastic moduli developed by 
Quimby, Rose, Durand and myself should prove fruitful 
in settling the theoretical questions herein raised. These 
methods would be difficult to apply in the neighborhood of 
the melting point and I feel that a combination of calori- 
metric studies and the more recent supersonic diffraction 
method of Ludloff and Seitz would be more satisfactory for 
such an investigation. 

Comment on the theory.—Born’s theory combines the 
assumption of long range order with the usual type of 
lattice dynamics, in which the elastic constants are com- 
puted from more or less rapidly converging sums. This, it 
seems to me, argues the effectiveness of small domains in 
determining the elastic behavior of a system. The implicit 
use of long range order in setting up the partition function 
for the solid ignores the effect of significant energy fluctua- 
tions arising with increasing temperature and the conse- 
quent departure from long range order within the solid 
phase contemplated for example by Lennard-Jones and 
Devonshire’ and Frenkel® in their theories. Brillouin in- 
directly indicates the need for considerations along this 
line when he emphasizes the fact that a liquid has a finite 
microscopic rigidity even though unable to react on a 
macroscopic scale to a shear. 

Furthermore Born suggests in his paper that his method 
when properly improved would probably represent the 
macroscopic properties of a liquid and its parent solid by 
means of a single analytic function, i.e., ‘‘the liquid state 
would be represented by the continuation of the curve, 
exactly as in van der Waals theory of condensation.” Now 
it is precisely in this respect that Mayer? has shown van 
der Waals theory to be incorrect. Mayer shows that the 
van der Waals theory of the critical point differs essentially 
both from experiment and from Mayer’s theoretical results. 

In conclusion then I would like to reiterate that the chief 
criticism of Born’s theory of melting is that he ignores 
what I believe to be the chief factor in determining the 
macroscopic properties of a solid in the neighborhood of 
melting; namely, the departure of the lattice from long 
range order before melting occurs. And it is for this reason 
that I feel that any thermodynamic theory of a lattice 
under finite strain cannot be safely extrapolated to the 
melting point. 


Lewis BALAMUTH 


Department of Physics, 
College of the City of New York, 
New York, New York, 
December 11, 1939. 
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Evidence of Krypton in Iodyrite 


Evidence of krypton in iodyrite was found. Heretofore, 
the presence of this gas in minerals has been reported only 
in helium from clevite and in fergusonite.! In the present 
experiment after slightly fusing a several gram, natural, 
massive sample of iodyrite (Ag I), which was enclosed in 
a side limb of a vacuum tube, the more loosely occluded air 
in the sample thus freed was drawn off with a vacuum 
pump in order to minimize the danger of atmospheric 
gases masking the spectrum, and the tube sealed. Then 
the sample was thoroughly fused to free possible gases 
more deeply imprisoned, and a discharge of approximately 
12,000 volts from an a.c. transformer passed through the 
tube. When the resulting spectrum was viewed in compari- 
son with the spectrum from a tube of krypton simul- 
taneously excited by the same discharge, it was observed 
that a line (of estimated 3 intensity in a scale from 1-10) 
of the iodyrite spectrum in the upper half of the band 
appeared to coincide unquestionably with 5870.9 in the 
krypton spectrum below, that is, with one of the two 
persistent lines of krypton. The other persistent line of 
krypton, 5570.2, could not be identified in the iodyrite 
spectrum since a band obscured this region. Interference by 
lines of other elements in the iodyrite spectrum likewise 
prevented the identification of any other krypton lines. 

In view of other evidence, however, this one persistent 
line seems sufficient to identify krypton. Adjacent lines did 
not interfere, and the line could not be assigned to any 
other element. Approximate wave-lengths 5860 and 5888 
were the closest observable on each side of 5870.9, so that 
the coincident line could clearly be seen; and when the 
krypton spectrum was reduced to the same intensity as 
that of iodyrite, the concurrence of the known persistent 
line with the unknown line above seemed certain. Further, 
lines tabulated for other elements in this region are for 
neon or are 1 or less intensity lines for heavy metals, mostly 
rare earths, that do not generally vaporize and thus are 
rare in vacuum tubes especially in a sufficient quantity 
that their weakest lines are visible. Cerium has a 3 in- 
tensity line, 5871, but it is for arc not spark. No neon was 
detected in the iodyrite spectrum when this spectrum was 
compared with the spectrum from a tube of neon. The 
most intense lines in the latter did not concur with those 
in the former; in fact, there were no lines at all in the former 
from about 6150 to 6563 although there were many intense 
ones in the latter. Also, as observed by Mr. McReynolds 
alone, the 9 intensity, 5872.8, of neon (very faint in the 
neon tube) did not coincide with the suspected krypton 
line in the iodyrite; and, moreover, when the pure krypton 
spectrum was blended below with the neon spectrum, 
5870.9 in the former was distinguishable from 5872.8 in 
the latter showing that they could not be mistaken as 
coincident. Lines from the electrodes, which were Al 
alloyed with 2 percent Cu and some Mg, are not in the 
region. Thus krypton in iodyrite was indicated by a line 
that could reasonably be identified only as a persistent 
krypton line. 

The experiment was by Mr. McReynolds and Mr. 
Hillis; the theory and report by Miss Feiring. 
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F. W. HILiis 


Braun Corporation, 
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A New Uviol Glass of the Binary System CaF,—SiO, 


On melting fluorite in an oxy-coal-gas flame, it was 
found that the size of the small fused quartz rod to which 
the molten bead was attached became smaller and smaller, 
This shows that quartz is quite soluble in molten fluorite. 
This solution generally solidifies to an opaque grayish-white 
enamel, like in the case of pure fluorite; but under favorable 
heating conditions, a transparent solid solution is obtain- 
able. A score of glassy beads of the CaF,—SiO» system 
have been prepared by this method. Two kinds of fluorite 
have been used in the preparation, one of which was 
precipitated and the other a clear natural crystal, and the 
fused quartz used was prepared from clear crystalline 
quartz. The densities of these beads were found to lie 
within the narrow interval between 2.80 and 2.91. It seems 
quite unlikely that a clear solid with its density lying be- 
yond the indicated interval can be formed. Assuming the 
volume of the glass and of its constituents to be additive 
in the process of glass formation, it is inferred from the 
density data that the new glass contains about 70 to 79 
percent of fluorite and about 30 to 21 percent of silica. A 
determination using a Pt-PtRh thermocouple indicated 
that this glass begins to melt at about 1460°C, which is 
some 50°C above the melting point of the fluorite and 
some 150°C below that of the fused quartz. 

The transparency of the new glass in the ultraviolet 
region has been investigated and compared with that of 
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Fic. 1. Spark spectra of gold showing the transparent limits of 
the new glass and of quartz: (1) glass containing precipitated fluo- 
rite, (2) glass containing clear natural fluorite, (3) pure fused quartz. 
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fused quartz using a fluorite spectrograph. The plates used 
for comparison were all 2 mm in thickness. The limit of 
transparency was found to vary in an irregular manner 
with the density of the glass. In the case of the variety 
containing natural fluorite, this variation was small, usually 
not exceeding 20A but in the variety containing precipi- 
tated fluorite, the variation was several times greater. The 
first and second spectrograms of Fig. 1 were taken from the 
most transparent pieces of the two varieties of new glass. 
It may be seen from the figure that the one containing 
precipitated fluorite is somewhat less transparent than the 
other variety, owing perhaps to the effect of impurity, and 
that pure fused quartz is by far more transparent than 
both of them. The result is somewhat unexpected, since 
according to its composition, the limit of transparency of 
the glass would be expected to lie between those of quartz 
and fluorite, that is to say, beyond \1795 instead of being 
in the vicinity of \2044. The abnormality in transparency 
of the new glass thus furnishes us a new example of the 
futility of regarding physical properties as direct additive 
functions of the constituents of the glass. 


CHOONG SHIN-PIAW 
Institute of Radium, 
National Academy of Peiping, 
Shanghai, China, 
November 20, 1939. 





States of Monolayers on an Aqueous Subphase 


A monolayer is not a Gibbs phase, but part of an inter- 
ficial region. It may be considered to consist of phases in 
two dimensions analogous to Gibbs in three. The transi- 
tions in a general case along an isotherm as the pressure is 
increased are (Fig. 1): 


1st order 
> Liquid I (expanded)—Intermediate 


2nd order 
> Solid. 





Gas 





The intermediate phase may be considered to consist of 
two or more parts, which may later be proved to be phases: 

(1) Transition, with great compressibility; exhibits 
hysteresis, but not as yet demonstrated as heterogeneous, 
which changes more or less gradually to 

(2) Liquid II (condensed), compressibility relatively 
low. 

Dervichian considers the intermediate phase as meso- 
morphous, or an array of two-dimensional crystals, be- 
cause this phase lies between a solid and a liquid. This 
implies that helium II is a liquid crystal. With this desig- 
nation we cannot agree without evidence. Thus he con- 
siders liquid I as the only true liquid. 

The analogy to a three-dimensional liquid is closer in: 

(a) LI (expanded) in that it is formed by a first-order 
change from a gaseous film. 

(b) L II (condensed), with respect to coefficient of ex- 
pansion and compressibility. 

Thus for L I at low pressures the coefficient of expansion 
(a) is of the order of ten times that of a three-dimensional 
liquid, while for compressibility the factor is of the general 
order of 100. 
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Fic. 1. Pressure (x), area (o in A*) diagram for monolayers. Region of L,, to left and of Ly to 
right of the area enclosed by dotted lines (areas 24.5 and 44). 


Also az, (L1,G)Cis acid ~750 X 10-, 


aJ,1(1 dyne)Cis acid~350 X 10-5, 
aBulk Cz acid = 100X 10-. 


The general magnitudes of some compressibilities () 
and energies of expansion (gq) are given in Table I. 

If a film of pentadecylic acid, or a similar compound, is 
compressed isothermally, islands of liquid I appear at 
point B, while on further compression to LI, the vapor 
disappears. Here D. assumes the liquid film to be isotropic, 
with a mean thickness V?, and area V!. His Table I 
(p. 940) indicates close agreement with the area V3, but 
our columns 1 and 2 for acids, Table II, show that com- 
monly the largest area for liquid I is only about two-thirds 
of this, while at the point J Ly this decreases to the order 
of one-half. Thus liquid I is not isotropic but exhibits a 
considerable degree of molecular orientation, which in- 
creases with pressure. 

He considers that the exact molecular areas in solid 
crystals (19.5, 20.5, 23.5 for the paraffin chain acids) 
reappear in monolayers as the areas at which transitions of 
the first, second, or third order occur. Thus he tacitly 











TABLE I. 
AREA K X10" q(ERGS/cM?) 
FILM Sq. A} ABSOLUTE UNITS| APPROXIMATE 
Liquid I Pentadecylic acid | 44 5800 50 
Liquid I 34 3200 
Transition region very great 350 
Liquid II Stearic acid 21 2000 
Octadecyl alcohol | 21 1200 
Solid Stearic acid 20.2 240 
Octadecyl alcohol | 20.2 170 
Liquid in bulk Palmitic acid 100 (100°C) 
150 (185°C) 

















TABLE II. Characteristic areas in A2.* 

















ACIDS ALCOHOLS 

No. C 1 2 $ S : zi2 

arous | ED, vi Lio | Sp | LUDo | So | Sp 
14 45 57 22.0 21.1 20.5 
15 45 60 20.5 21.9 21.0 | 20.7 
16 45 62 21.9 20.9 | 20.6 
17 24.6 20.2 21.8 20.6 | 20.4 
18 24.4 21.8 20.6 | 20. 
19 24.0 20.1 
20 23.6 

20 +14 38 64 





























* Sub-zero =extrapolated to zero pressure. Sub k =at kink 


assumes that these molecular areas in films are determined 
entirely by molecular tilt. In addition he considers that the 
film collapses at 18.5A?, the area of the cross section of the 
molecules in a plane perpendicular to the long axis. 

The values of our laboratory do not correspond with 
just these specific areas (acids 3, 4, and alcohols 1, 2, 3), 
though, since these are condensed states, they must be 
closely related to molecular size. Thus they do not seem to 
support the idea that at each transition point the molecules 
have just the angle of tilt found in the three-dimensional 
crystal. They seem rather to indicate that the nature of 
the transitions in condensed states depends upon the 
closeness of packing of the cylindrical molecules (elliptic 
cylinders) but that for any particular type of transition 
the hydrocarbon chains are drawn closer together as an 
increase of the length of the chains increases the van der 
Waals forces between them. 

Witiiam D. HARKINS 


EDWARD Boyp 
Kent Chemical Laboratory, 
University of Chicago, 
Chicago, Illinois, 
December 14, 1939. 
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The Entropy of Dimethyl Acetylene from Low Temperature 
Calorimetric Measurements. Free Rotation in the 
Dimethyl Acetylene Molecule 


The separation of the methyl groups in the dimethyl 
acetylene molecule, H3C—C=C—CH;, is much greater 
than it is in ethane, and if the potential barrier! of about 
3000 cal./mole restricting internal rotation in the latter is 
due to interactions between the methyl groups, then this 
barrier should be much smaller in dimethyl acetylene. If, 
on the other hand, the restricting potential in ethane is 
largely due to resonance with double bonded structures as 
proposed by Gorin, Walter and Eyring,? the fact that the 
length of the C—C single bonds in dimethy] acetylene? is 
such as to indicate considerable double bond character 
might lead one to expect a barrier about as large as in 
ethane. In order to determine the magnitude of this barrier 
we have calculated the entropy of dimethyl acetylene from 
low temperature calorimetric measurements and have 
compared this experimental value with that computed 
from molecular data. 

The heat capacities, heat of fusion, and heat of vaporiza- 
tion were determined in an adiabatic calorimeter in the 
temperature range 15 to 291°K. The amount of material in 
the calorimeter was 0.8671 mole, and there was an impurity 
of 0.23 mole percent, as estimated from the change in 
melting point with proportion melted. Temperatures were 
measured with a platinum resistance thermometer which 
was compared with a National Bureau of Standards 
platinum thermometer down to 90°K and with a helium 
gas thermometer between 14 and 90°K. It is believed that 
our temperature scale agrees with that adopted at the 
National Bureau of Standards‘ to about 0.01°. Measure- 
ments of energy and resistance were made with an auto- 
calibrated White double potentiometer and standards 
recently calibrated at the National Bureau of Standards. 
A detailed account of the apparatus and results will be 
published later. 

In Table I are presented in itemized form the entropy 


TABLE I. Molal entropy of dimethyl acetylene from calorimetric data. 








0-14.70°K, Extrapolation 0.25 
14.70-240.93°K, Graphical 31.01 
Fusion, 2206.7 /240.93 9.16 
240.93-291.00°K, Graphical 5.45 
Vaporization at 291.00°K and 536 mm, 

6440/291.00 . 22.13 


Entropy of actual gas at 291.00°K and 536 mm_ 68.00 +0.1 
Correction for gas imperfection 0.14 


Entropy of ideal gas at 291.00°K and 536 mm 68.14 cal./deg. mole 








changes calculated from our calorimetric data. The correc- 
tion for gas imperfection was made under the assumptions 
that the gas follows a Berthelot equation of state, that the 
critical temperature is 489°K, as estimated by Morehouse 
and Maas,’ and that the pressure of 41 atmos. obtained by 
extrapolation of the vapor pressure equation® to 489°K is 
the critical pressure. 

A summary of the calculation of the entropy from 
molecular data by the methods of statistical mechanics is 
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given in Table II. For the vibrational entropy the fre- 
quencies used were those given by Crawford.? In the 
calculation of the rotational entropy it was assumed that 
the configuration of the methyl groups is the same as in 
methane and that the methyl groups are entirely free to 
rotate. The interatomic distances used, C—H=1.09A, 
C—C=1.47A, and C=C=1.20A, are due to Pauling, 
Springall and Palmer.* 

The deviation of the calorimetric from the statistical 
entropy, namely 0.32 cal./deg. mole, is greater than our 
estimated experimental error, +0.1 cal./deg. mole, and is 
possibly to be ascribed to an error of a few cm™ in the 
lowest frequency, 213 cm, to neglect of any anharmonicity 
in the vibrations, and to uncertainty in the correction for 
gas imperfection. 


TABLE II. Molal entropy of gaseous dimethyl acetylene from molecular 
data, for 291.00°K and 536 mm. 











Strans 38.47 
Svib (harmonic) 6.72 
Srot (with free internal rotation) 22.63 


Total entropy 67.82 cal./deg. mole 








It appears from the agreement between the calorimetric 
entropy, 68.14 cal./deg. mole, and that calculated from the 
existing molecular data on the assumption of free internal 
rotation, 67.82 cal./deg. mole, that within the limits of 
experimental error there is no appreciable barrier restricting 
the rotation of the methyl groups with respect to each 
other. Indeed, the assumption of any barrier would result 
in a decrease in the value of the statistical entropy, and 
this in turn would make the deviation from the experi- 
mental value still greater. Crawford and Rice’ have reached 
essentially the same conclusion from the results of their 
gas heat capacity measurements. The results presented 
above, however, are less dependent on the correction for 
gas imperfection and on the vibrational frequencies above 
1000 cm“, 

We wish to express our indebtedness to Professor 
Alexander Goetz for supplying us with liquid hydrogen, 
and to Mr. Thurston Skei and Mr. Russell Doescher for 
preparing and purifying the dimethyl acetylene. 

DARRELL W. OsBORNE* 
CLIFFORD S. GARNER** 


Don M. Yost 
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December 10, 1939. 
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